
DYNAMICAL CHARACTERISTICS OF THE 
WAKE OF A SQUARE CYLINDER AT LOW AND 
HIGH REYNOLDS NUMBERS 


Arun Kumar Saha 


ME/diyP 


DEPARTMENT OF MECHANICAL ENGINEERING 

Indian Institute of Technology, Kanpur 

FEBRUARY, 1999 



DYNAMICAL CHARACTERISTICS OF THE 
WAKE OF A SQUARE CYLINDER AT LOW AND 
HIGH REYNOLDS NUMBERS 


A Thesis Submitted 

In Partial Fulfilment of the Requirements 
for the Degree of 
Doctor of Philosophy 



by 

Arun Kumar SaJha 



to the 

DEPARTMENT OF MECHANICAL ENGINEERING 

INDIAN INSTITUTE OF TECHNOLOGY KANPUR 

INDIA 

February, 1999 



>■ I- T., KAMHJg 

128608 

TH 

mcjJBSS/p 

SaJBd 



Certificate 


It is certified that the work contained in the thesis entitled Dynamical Characteristics 
of the Wake of a Squaire Cylinder at Low And High Reynolds Numbers by 
Arun Kumar Saha, has been carried out under our supervision and that this work has 
not been submitted elsewhere for a degree. 


Gautam Biswas 




K. Muralidhar 


Department of Mechanical Engineering Department of Mechanical Engineering 

IIT Kanpur HT Kanpur 


February, 1999 



To 


my mothev, 

father Late Ramani Mohan Saha 
and 

uncle Late Nagendra Mohan Saha 



Abstract 


The wake of a square cylinder is exceedingly complex, being characterized by a series of 
transitions with increasing Reynolds number (Re). The flow regime evolves from a steady two- 
dimensional state to three-dimensional fully developed turbulent flow. The critical Reynolds 
numbers of transition lead to major changes in the flow structures. The fact that the points of 
separation are fixed for a square cylinder leads to significant differences with the corresponding 
flow field in the wake of a circular cylinder. 

The wake of a square cylinder undergoes the first transition from a steady two-dimensional 
state to become unsteady at a Reynolds number of 45. This transition, called Hopf bifurca- 
tion reveals a clear vortex shedding phenomenon. The second transition is the initiation of 
three-dimensionality of the near-wake at a Reynolds number of 180. The evolution to three- 
dimensional flow is characterized by different modes of vortex shedding. These modes, labelled 
A and B reveal distinct spanwise wavelengths, being three times the cylinder size for Mode-A 
and the cylinder size itself for Mode-B. The Mode-A shedding pattern is accompanied by inter- 
mittent low frequency irregularity, called vortex dislocation arising from frequency discontinuity 
in the spanwise direction and phase variations within the shed vortices. With further increase 
in Reynolds number, additional transitions that follow are: (1) the large scale evolution of the 
separated shear layer and the consequent development of fine grained turbulence in it and (2) 
the boundary layer on the cylinder surface itself becoming turbulent. 

The present study is concerned with the wake of a square cylinder at low and high 
Reynolds numbers. The flow regime considered for analysis is 40<Re<21400. The flow field 
has been explored numerically as well as through experiments. Both two- and three-dimensional 
computations have been reported. The.Marker-And-Cell (MAC) algorithm has been employed 
to solve the unsteady incompressible Navier-Stokes equations. To preserve adequate accuracy 
higher order spatial as well as temporal discretization have been utilized. The code has been 
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validated against the published results in the open literature and grid independence study has 
been studied extensively for each problem. The focus of the research is directed towards the 
structure of the near-wake of the cylinder (x <10). Hotwire experiments at low as well as 
high Reynolds numbers have been carried out to assess the accuracy of the numerical solution 
and highlight additional factors that can influence the wake structure. 

Low Reynolds number wake (Re<800): 

Topics studied here include (a) time domain analysis for the route to chaos (Guzman and Amon, 
1996) (b) spatial domain analysis for transition to three-dimensionality (Williamson, 1996), (c) 
similarity between low Reynolds number instantaneous flow and phase-averaged turbulent flow, 
(d) comparison of two- and three-dimensional models at transitional Reynolds number and (e) 
the effect of upstream shear on the force coefficients as well as the wake structures. Results 
obtained in the present study show the temporal evolution to follow a quasi-periodic route (via 
frequency locking) to chaos. This route is clearly brought out through qualitative indicators 
such as the Poincare map and quantitative indicators such as the Lyapunov exponent. In the 
spatial domain, the vortex shedding modes are seen to follow 2D— >-A*(= A-bdislocation)->B, 
with vortex dislocation being associated with A*. Important results to emerge from the present 
study are the following: (1) The change in the flow pattern in the wake barely affects the 
Strouha! number and the time-averaged forces acting on the cylinder though the respective 
force fluctuations are sensitive to the transitions; (2) Two-dimensional models consistently 
overpredict the force fluctuations while three-dimensional models are quite realistic; (3) The 
instantaneous velocity field has a considerable similarity to phase-averaged high Reynolds 
number flow field; (4) The differences between the two- and three-dimensional simulation can 
be adequately explained through the mechanisms of vortex stretching and additional diffusion 
inherently present in all three-dimensional flows and (5) The kinetic energy budget of the 
oscillatory components reveal that the convection due to mean motion, the production term 
and the pressure fluctuations play a vital role for the energy exchange between the mean and 
the fluctuating motion while the dissipation and diffusion terms are uniformly negligible. 

High Reynolds number wake (Re>8000): 

Numerical calculations have been carried out in three-dimensions with a high order upwind 
scheme and without any explicit turbulence model. Parallel calculations have also been carried 
out using RANS in tvwj-dimensions. Three types of turbulence models, namely Standard k-e, 
Kato-Launder and RNG k-e have been used in the present study. The overall conclusions to 
emerge are: (a) turbulence model based on RANS are generally satisfactory for predicting 
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time-averaged quantities, and show good agreement with published experiments and Large 
Eddy Simulation. Specifically, the Kato-Launder model is seen to perform the best mainly due 
to a correct turbulence production in the stagnation region of the square cylinder. Despite 
the assumption of two-dimensionality the notion of eddy viscosity adequately compensates for 
diffusion in the third dimension. Experience with three-dimensional model-free computation 
shows that acceptable results can be obtained at least upto a Reynolds number of 21400, since 
the flow field shows a good match with experiments. This investigation further shows that 
the discretization scheme can account for the forward energy cascading mechanism of fully 
turbulent flow and thus produce good overall results. While the turbulence modeling approach 
can shed light on phase-averaged flow properties, the model-free calculation determines the 
instantaneous flow field. Thus it has been possible to assess the relative importance of the 
coherent (periodic) and incoherent (random) contributions to the velocity fluctuations. Results 
show the incoherent part to be small in the near-wake, growing preferentially in the regions of 
high shear and being uniformly dominant in the far-wake. 

Hotwire experiments: 

Experiments have been carried out at both low and high Reynolds numbers using an X- 
wire hotwire probe. Quantities measured are profiles of the time-averaged and rms values 
of two components of velocity, the cross correlation [u'v'), Strouhal number and the drag 
coefficient. All experiments pertain to a low upstream turbulence level. Measurements show 
an acceptable match with numerical predictions as well as the data reported in the literature. 
Peculiar discrepancies have been noticed at x=1.5 (just outside the base region). These 
have been attributed to differences in the geometrical factors between theory and experiments 
and unexpectedly, the role of inlet turbulence in the approach flow. Dedicated experiments 
involving high turbulence level in the approach flow have been carried out in the present work. 
These experiments indeed show a movement in the data points and a better overall match 
between the present work and the published literature. 
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Chapter 1 


Introduction 


Fluid flow past bluff bodies in general, and square and circular cylinders in particular, 
are topics of considerable complexity. For example, the wake of a circular cylinder is 
known to undergo a series of transitions with increasing Reynolds number. Starting from 
a steady attached state, the flow becomes unsteady with separation at a Reynolds number 
of 45. The complexity of the unsteady flow increases with the Reynolds number. The 
flow becomes three-dimensional beyond a Reynolds number of 18G. The flow is apparently 
chaotic around a Reynolds number of 500 and possibly turbulent at a Reynolds number of 
1000. At the transitional Reynolds number (leading to three dimensionality), two distinct 
modes of vortex shedding have been observed. These are characterized by the spanwise 
wavelengths of the streamwise (secondary) vortices. The initial modes at the transitional 
Reynolds number are Mode-A (a wavelength of three-cylinder diameters) and Mode-B 
(which occurs at the later part of the transitional regime and has a wavelength of one- 
cylinder diameter). Mode-A also includes an intermittent low frequency irregularity in 
the vorticity field, called vortex dislocation. The wake of a circular cylinder increasingly 
embodies complex physics; more complexities are encountered at higher Reynolds number. 
Three different instabilities arise owing to those of the boundary layer, the separated 
shear layer and the Karman vortex street. The Karman vortex street is formed as a 
result of Hopf bifurcation which takes place at a Reynolds number as low as 45. The 
second subsequent instability takes place at a much later stage and is thought to be at a 
Reynolds number around 1000. The third instability is about the transition of boundary 
layer from laminar to turbulent and occurs at a very high Reynolds number. Figure 1.1 
shows a schematic of the three instabilities in the wake. As a result, three distinct flow 
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Figure 1.1: Three different instabilities for a circular cylinder. 


fields interact among themselves and culminate in a complex flow structure. 

An important application where the knowledge of unsteady wakes is required is in 
flow-induced vibration. Three possibilities arise, namely: (i) flow past a rigid body where 
the flow is self sustained and oscillates at a dominant frequency creating an alternate array 
of Karman vortices, (ii) flow past a freely suspended body where the vortex shedding 
frequency locks into the oscillation of the body caused by the flow, and (iii) flow past a 
vibrating body in which the flow osciUates at the forcing frequency. The flow past a bluff 
body is of direct relevance to the design of off-shore structures, heat exchanger components 
and wherever flow induced vibration is important. The analysis of flow past a bluff body 
placed in the non-uniform stream is somewhat more complex. There exists a wide range 
of appHcations for such flows as weU. The approaching flow of a curved river against the 
bridge pier is one such example. Submarines, ships, passenger aircraft, automobiles and 
miffiiles are examples where the object is in motion through a stationary fluid medium. 
High-rise buildings, chimneys and tube banks in heat exchangers are examples where the 
fluid is in motion. In each class, the wake of the bluff object predominantly determines 
the performance of the individual devices. Recent applications such as the detection 
of unobserved objects through signature analysis and the migration and dispersion of 
pollutants have intensified the need to understand the wake dynamics. 


1.1 Flow Past a Square Cylinder 


The flow past a square cylinder resembles flow past a circular cylinder as far as the 
instabilities are concerned. But the separation mechanism and the consequent dependence 
of the shedding frequency and the aerodynamic forces on the Reynolds number differ 
significantly. Unlike the circular cylinder, the separation points in the case of square 
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cylinder are fixed and are either at the leading corners or at the corners of both the 
leading and trailing edges when there is reattachment. As a result, the aerodynamic 
forces and the frequency of vortex shedding assume asymptotic values after a particular 
Reynolds number. The circular cylinder shows continuous variation of these quantities 
with Reynolds number. This is because the point of separation moves to and fro depending 
on the surface quality of the cylinder, the Reynolds number and the upstream conditions. 
Figure 1.2 shows a schematic comparison of the flows past square and circular cylinders. 


1.2 Numerical and Experimental Approaches 

The two- and three-dimensional vortical instabilities in wakes have been the subject of 
interest to engineers and the scientists for many years. Although the problem of an unsep- 
arated wake behind a splitter plate or symmetric airfoil is amenable to analjdical studies, 
for example stability analysis, a three-dimensional bluff body poses a greater analytical 
challenge. The wake of a nominally two-dimensional object is itself a complex flow field. 
Approaches to analyze this problem have been principally numerical and experimental. 

In the past, the numerical simulation of the flow past bluff bodies has been car- 
ried out by solving the Navier-Stokes equations through the stream function- vorticity 
approach. But solutions of two-dimensional Navier-Stokes equations or stream function- 
vorticity equations are restricted to very low Reynolds numbers since the flow often be- 
comes three-dimensional (even at as low a Reynolds number as 180 for a circular cylinder). 
Therefore, two-dimensional calculations at higher Reynolds numbers are questionable. 
Turbulent flow past a bluff object involves a wide range of length as well as time scales. 
The Direct Numerical Simulation (DNS) at very high Reynolds number can be carried 
out by solving the full Navier-Stokes equation using very fine grids. These grids can re- 
solve all the length scales appearing in the flow field. In such a simulation, a very small 
time step is used for resolving the smallest scale associated with the flow. DNS is pri- 
marily limited by the computational resources. To resolve all the scales of motion, one 
requires a number of grid points N'^L/r], where L is the dimension of the computational 
domain and rj is the smallest scale of motion, namely the Kolmogorov length scale. The 
ratio L/tj is proportional to Re^ and the total number of grid points required by DNS 
in three-dimensions is N ^Re^. For this reason, DNS has largely been limited to simple 
geometries at low Reynolds numbers. 
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The alternatives to DNS are the Reynolds-averaged Navier-Stokes Equations (RANS) 
and the Large Eddy Simulation. RANS contains empirical parameters and hence lacks 
generality. The model constants for RANS are usually set using the values, determined 
through a few simple experiments and thus cannot be truly universal. Furthermore, 
laminar-turbulent transition is exceedingly difficult to predict using the RANS approach, 
and requires the addition of significant hand-waiving in the form of intermittency func- 
tions. However, as far as integral quantities ajid engineering parameters, such as aerody- 
namic forces are concerned, the RANS approach is known to work satisfactorily. 

The Large Eddy Simulation (LES) is an intermediate approach between DNS and 
RANS. In LES, the contribution of the large scales, i.e., the energy carrying structures 
to momentum and energy transfer is computed exactly, and only the contribution of the 
smallest scales of turbulence is modeled. However, LES also requires fairly fine meshes 
even though it can be used at a much higher Reynolds number than DNS. Computation 
of bluff body flows using LES is also expensive. 

The experimental investigation of bluff body flows is a formidable task as the flow 
has recirculation zones, especially in the region of vortex formation. Applicability of any 
experimental technique depends on the flow domain of interest and the nature of the 
flow at that particular region. For example, the hotwire anemometer cannot be used 
in the base region where a negative velocity is encountered, unless a special technique 
is adopted (example, flying hotwire anemometry). Different methods have been used to 
measure velocity in bluff body wakes. Among these, hotwire anemometry (HWA), Laser 
Doppler Velocimetry (LDV) and Particle Image Velocimetry (PIV) are the most common. 


1.3 Objectives of the Present Work 


The flow conflguration considered in the present study is prescribed flow past a cylinder of 
square cross-section. Figure 1.3 shows the flow model in the present work. In all the cases, 
the cylinder is long, in the sense that the geometry is nominally two-dimensional. Except 
for the cylinders with a circular cross-section, the knowledge of unsteady flow around other 
bluff objects is quite limited. A square cylinder has important applications in practice and 
at the same time, displays unexpected complexities in the wake structure. The objective 
of the pr^ent thesis is to contribute in fundamental terms to the understanding of wake 
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Figure 1.3: Flow model past a square cylinder. 


dynamics of a square cylinder. 

The present study is concerned with the wake of a square cylinder at both low and 
high Reynolds numbers. The flow regime considered for the analysis is 40<Re<21400. 
The flow fleld has been explored numerically as well as through experiments. In the nu- 
merical study, both two- and three-dimensional computations have been reported. The 
Marker-And-Cell (MAC) algorithm has been employed to solve the unsteady incompress- 
ible Navier-Stokes equations. To preserve adequate accuracy higher order spatial as well 
as temporal discretization have been utilized. The code has been validated against the 
published r^ults in the open literature and grid independence study has been carried out 
extensively for each problem. The focus of the research is directed towards the structure 
of the near-wake of the cylinder (kIO). Hotwire experiments at low as well as high 
Reynolds numbers have been carried out to assess the accuracy of the numerical solution 
and to highlight the additional factors that can influence the wake structure. 

Numerical calculations have been carried out in three-dimensions with a higher 
order scheme and without any explicit turbulence model. Simultaneously, calculations 
have also been carried out using BANS in two-dimensions. Three turbulence models. 
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namely standard k-e, Kato-Launder and RNG k-e have been used in the present study to 
examine their utility for wake predictions. 

Experiments have been carried out at both low and high Reynolds numbers using 
an X -wire hotwire probe. Quantities measured are profiles of the time-averaged and rms 
values of two components of velocity, the cross correlation {u'v')., Strouhal number and 
the drag coefficient. 

Major topics studied in the present thesis include (a) time domain analysis for 
the route to chaos, (b) spatial domain analysis for transition to three-dimensionality, (c) 
similarity between the low Reynolds number instantaneous flow and the phase-averaged 
turbulent flow, (d) comparison of two- and three-dimensional models at the transitional 
Reynolds number, (e) the effect of upstream shear on the force coefficients as well as the 
wake structure, (f) two-dimensional RANS calculation at high Reynolds number turbulent 
flow, (g) relationship between the coherent and incoherent or random components of veloc- 
ity and pressure fluctuations at a higher Reynolds number and their relative magnitudes 
and (h) experimental validation. 


1.4 Thesis Organization 


Subsequent chapters of the present thesis have been organized in the following manner. 

Chapter-2 reviews the literature related to the different aspects of the flow past 
a square cylinder, circular cylinder and other bluflf bodies. The details of the numeri- 
cal techniques, governing equations and the different boundary conditions including the 
grid system used have been presented in Chapter-3. The experimental setups and the 
associated instrumentation have been discussed in Chapter-4. Chapter-5 deals with the 
results of the present research and the related discussion. The chapter is divided into 
eight sections, each with a specific objective. Chapter-6 summarizes major conclusions of 
the present thesis and scope for future work. 



Chapter 2 


Review of Literature 


The literature pertaining to flow past a square cylinder is reviewed below. A review of the 
earlier investigations related to the different aspects of the bluff body flows over a range 
of Reynolds numbers has also been presented. The range includes low to high Reynolds 
numbers including turbulent flow. A brief review on the modeling aspects of turbulent 
flow has also been undertaken to examine the performance of various turbulence models 
for complex geometries. 

Flow past bluff bodies has been studied extensively in the past. Depending on the 
objectives of the work, the numerical approach in some cases has been found to be more 
appropriate compared to experiments. Numerical calculations invariably produce a large 
volume of information and permit parametric studies to be carried out at a low cost. In 
contrast, to understand oblique shedding, long cylinders are required to avoid the effect 
of end conditions. The complicated nature of the wake in such an application can be 
analyzed only when the length-to-diameter ratio is high. Such situations can be studied 
effectively through experiments. Bluff body wakes fall in the category of applications 
that are characterized by unexpected phenomena. At such instances, one is forced to 
employ both numerical and experimental approaches to develop a full understanding of 
the recorded observation. 
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2.1 Review of Bluff Body Flows 

2.1.1 Flow past a square cylinder 

Flow past a square cylinder shows the following behaviour with increasing Re 3 Tiolds num- 
ber. In the Reynolds number range of 2 - 8, the flow is unseparated and symmetric above 
and below the cylinder with respect to the axis aligned with the flow. Once the Reynolds 
number exceeds a certain threshold limit, separation at the leading edge is evident. This 
is followed by reattachment over the sides of the cylinder and a separation once again at 
the trailing edges. In the Reynolds number range of 10 - 45, a pair symmetric attached 
vortices are formed behind the cylinder. The envelop of these vortices has the shape of 
a bubble. The flow is globally steady, though time dependent behaviour can be revealed 
within the bubble. The instability of the separation bubble is likely to grow with increas- 
ing Reynolds number. At a higher Reynolds number, Hopf bifurcation takes place and 
the flow becomes unsteady. Once the vortices become unstable, they tend to be shed 
downstream from the top and bottom halves of the cylinder. A criss-cross flowfield is 
thus established due to the alternating character of the shedding mode. 

Many researchers have determined experimentally and numerically the Reynolds 
number at which the flow becomes oscillatory to be 40 - 45. Kelkar and Patankar (1992) 
have performed linear stability analysis to And the critical Reynolds number at which flow 
becomes unsteady and the effect of unsteadiness on the heat transfer rate from the square 
cylinder. The two-dimensional linear stability analysis of steady flow has been carried out 
by computing the evolution of two-dimensional perturbations and the critical Reynolds 
number is determined from the growth rate of these perturbations. The study shows the 
critical Reynolds number to be 53 and the predicted Strouhal number matches well with 
the experiments. 

Davis and Moore (1982) have reported twcf-dimensional numerical simulation of 
flow past a rectangular cylinder for the Reynolds numbers in the range of 100 to 2800. 
The simulation was carried out in an infinite medium by applying free stream condition 
on the transverse boundaries. A third order upwind differencing for convection terms 
was used with Leith type of temporal differencing. The effects of upstream velocity 
profile, angle of attack and aspect ratio of the rectangular cylinder have been studied 
in detail. Their r^ults show that the lift and drag coefficients and Strouhal number 
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depend strongly on the Reynolds number. The computed Strouhal numbers compare 
well with those of experiments for a Reynolds number below 1000. For a square cross- 
section, a small Reynolds number (Re<100) led to a low Strouhal number. The Strouhal 
number subsequently increased with the increase in Reynolds number to a certain value. 
Further increase in Reynolds number resulted in the decrease in Strouhal number, finally 
yielding an asymptotic value. Within the range of Reynolds number considered, the 
drag coefficient continuously increased with Reynolds number. Davis et al. (1984) have 
carried out both numerical and experimental study of flow past a rectangular cylinder in 
a confined geometry. This study has highlighted the effect of blockage due to a transverse 
boundary on the mean flow parameters such as the lift and drag coefficients and Strouhal 
number. Qualitative comparisons of the experiments and the numerical results were also 
accomplished in this study through flow visualization. These were found in to be in good 
agreement. Through numerical results, the authors were able to show the generation of 
wall vortices at higher blockage. These vortices were also shed downstream along with 
the Karman vortices. 

Mukhopadhyay et al. (1992) have reported a numerical study of flow past a square 
cylinder in a channel. The range of Reynolds number considered here is 60 - 800. The 
Strouhal number was seen to increase with the increase in blockage. The strength of the 
vortices of the the flow were damped in the downstream due to the blockage effect. 

Tamura and Kuwahara (1990) have computed two- as well as three-dimensional 
flow past a square cylinder for varying aspect ratios. The aspect ratio is the spanwise 
length divided by the size of the square cylinder. The authors used third order spatial 
discretization for the convective terms without using any model for the subgrid scales. 
The Reynolds number considered in the study was 10^. Periodic boundary conditions were 
employed in the spanwise direction. The aerodynamic parameters of the cylinder such as 
lift, drag and Strouhal number were determined through the computation of the two- and 
three-dimensional flows. The study showed significant differences between the two sets 
of results. Their investigation revealed that three-dimensional structures emerged due 
to vortex instability and these structures have an appreciable effect on the aerodynamic 
behaviour. The computational results show that the three-dimensional structures decrease 
the time-averaged drag and the rms values of the lift and hence with the long-length 
periodicity one can get results closer to the experimental value. 

Suzuki and Suzuki (1994) have carried out a computational as well as experimental 
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study of flow in a channel with a built-in square rod at a Reynolds number of 150. Their 
computed results reveal that the momentum transfer is enhanced due to the apparent 
shear stress resulting from the non-zero value of the cross-correlation. This was confirmed 
by the hotwire measurements. The quick recovery of velocity field could be attributed to 
this nonzero value at some positions in the wake. The criss-cross motion of the Karman 
vortex has been explained in terms of the interaction between the Karman vortex street 
and the disturbed wall shear layer. The wavering motion of the separated vorticity layers 
on both sid^ of the rod and the periodic formation of an isolated vortex island from the 
lifted tip of the wail vorticity layer have also been discussed. This vortex island has been 
found to play an important role not only for the occurrence of the criss-cross motion of the 
Karman vortex but also for the generation of the non zero value of the cross-correlation 
term. 


2.1.2 Comparison of square and circular cylinders 

The primary difference between the flow past a circular and a square cylinders is that 
in the former case there is no definite point of separation on the surface of the body. In 
the latter, the leading corners are the two points where flow separates. In the case of a 
circular cylinder the point of separation depends on the Reynolds number but the point 
of separation in the case of a square cylinder is independent of the Re3Tiolds number. 
The variation of the drag coefficient in the case of a circular cylinder is continuous with 
Reynolds number, while the square cylinder has an asymptotic behaviour after a certain 
value. Similarly the Strouhal number shows continuous and asymptotic trends for the 
circular and square cylinders respectively. This difference in the behaviour of the two 
bluff objects are due to the differences in their points of separation. 

In an comparative study of the circular and square cylinders, Pranke et al. (1990) 
have considered laminar flow past both the cylinders. The Reynolds number chosen for 
the circular cylinder was upto 5000 and for a square cylinder, upto 300. The third order 
QUICK scheme was xKed to discretize the convective terms and SIMPLEC methodology 
to solve the two-dimensional Navier-stokes equations. No turbulence model was adopted 
in this study. The Strouhal number and the time-averaged drag coefficient were the basis 
of their comparison with the published experimental and numerical results. Satisfactory 
results were reported for Reynolds number upto 1000 for the circular cylinder and upto 
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300 for the square cylinder. The disagreement at higher Reynolds numbers was attributed 
to the influence stochastic fluctuations. In the case of a square cylinder, a large discrep- 
ancy was seen in the distribution concerning variation of Strouhal number as a function 
of Reynolds number. As expected, the sharpness of the cylinder corners in the experi- 
ments and the numerical treatment of these corners considerably influenced the shedding 
frequency. 

Tamura et al. (1990) have computed the flow behind a circular and a square cylinder 
by solving the two- and three-dimensional Navier-Stokes equations. The authors have used 
a third order upwind scheme for a Reynolds number range of 20 - 10®. Their findings 
show that the flow structures in the neax-wake of the cylinder have a significant effect on 
the determination of the drag and lift forces. The difference between the aerodynamic 
forces computed by two- and three-dimensional simulations at higher Reynolds number 
is due to the secondary vortices created in the two-dimensional computation. 


2.1.3 Flow past a circular cylinder 

The survey of the literature shows that a large number of investigations on the flow past 
a circular cylinder have been accomplished in the past. It is beneficial to review the wake 
of the circular cylinder and then look for the similarities between the wakes of circular 
and square geometries. 

Perry et al. (1982) have demonstrated the presence of vortex shedding behind 
a circular cylinder at a Reynolds number of 100 with the help of a flow visualization 
technique. They have explained the penetration of the fluid into the closed cavity just 
behind the cylinder. Their results show structural similarity between a laminar wake and 
a phase-averaged turbulent wake. 

At a relatively higher Reynolds number the separated shear layer becomes unstable 
and shows a mixing-layer type of behaviour. Thus at higher Reynolds numbers, the 
flow becomes complex due to the presence of three simultaneous instabilities, namely 
the boundary layer instability (over the surface of the cylinder), separated shear layer 
instability (generation of mixing layer type of vortices) and the primary vortex (or Karman 
vortex) instability. Three different mechanisms interact among themselves and produce a 
complex flow structure. The applicability of the two-dimensional calculation in predicting 
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such complex behaviour is clearly doubtful. Shear layer vortices at a Reynolds number 
of 350 can be expected, but vortices below a Reynolds number of lOOO have not been 
reported. 

Braza et al. (1986) have nmnerically studied flow past a circular cylinder. The 
Reynolds numbers used in their study were 100, 200 and lOOO. The Stroahal number, the 
lift and the drag coefficients matched well with experiments. The authors also studied 
the interaction of the unsteady pressure and velocity fields and found a phase relation 
between them. Their investigation revealed that the strongly rotational viscous region, 
the convection of the eddies and the inviscid flow determine this interaction. Analysis of 
structures of varying scales and their interactions during fully developed vortex shedding 
showed the following: The secondary eddies in the near-wake appearing at Reynolds 
numbers greater than 200 have a significant presence even at a Reynolds number of 1000. 
Pairs of them merge and form the main eddies along the path of Karman vortices, whereas 
a secondary eddy merges with an already existing one. The analysis shows that all such 
interactions appear once in a period and the global periodic flow is not greatly influenced 
by these phenomena. , 

Braza et al. (1990) have attempted a two-dimensional direct numerical simulation 
(DNS) for Reynolds numbers in the range of 2000 - 10000. Apart from the vortex shed- 
ding phenomenon, it has been shown that the transition waves develop in the separated 
shear layers and lead to mixing layer eddies. The ratio of the computed transition wave 
frequency to the Strouhal number is in good agreement with experimeutal results. The in- 
stability leading towards the mixing layer eddies has been proven to be of two-dimensional 
origin and successfully predicted by the two-dimensional form of Naviex-Stokes equations. 

Behr et al. (1995) have inv^tigated the effect of blockage for a circular cylinder at 
a Reynolds number of 100. Their results show that on decreasing th© blockage from 5.5 
to 1.6%, the Strouhal number, the drag coefficient and the rms lift coefficient decrease by 
5, 6 and 6% respectively. 

The two-dimensionality of the vortex shedding is present in the range of Reynolds 
number between 45 and 180. Most of the recent developments on the flow past bluff 
bodies, especially the flow past a circular cylinder have been discussed elaborately in 
the review papers of Roshko (1993) and Williamson (1996c) . This particular range of 
Reynolds number is also susceptible to end conditions. The latest discovery which can 
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be thought of as one of the major reasons for three-dimensionality in nominally two- 
dimensional geometry at low Reynolds numbers is the vortex dislocation (Williamson, 
1989, 1992). Other phenomena which trigger three-dimensionality include oblique shed- 
ding, phase expansions and phase shocks (Miller and Williamson 1994; Monkewitz et ai, 
1996) and cellular shedding (Konig et ai, 1990, 1992). It is now well understood that the 
end boundary conditions (at the ends along the span of a cylinder) are very important in 
controlling the wake pattern across the complete span (Williamson, 1988a, 1989; Eisen- 
lohr and Eckelmann, 1989; Hammache and Gharib, 1989, 1991). They indeed dictate 
the pattern of vortex shedding as oblique or parallel to the cylinder axis in the laminar 
regime. 

Once the Reynolds number exceeds 180, the overall shedding pattern becomes com- 
plex. Together with the spanwise primary vortices (Karman vortices), the secondary 
vortices start getting generated in the streamwise direction. In the range of Reynolds 
number between 160 and 240, the secondary vortices are found with a wavelength of 
several cylinder diameters and is designated as Mode-A. Another type of the secondary 
vortices are also found which have a wavelength of about one cylinder diameter and this 
mode is termed as Mode-B. 

The transition of the wakes behind bluff objects as characterized by the secondary 
vortices with a dominant spanwise wavelength, have been the subject of many recent 
experimental and numerical investigations. Two different modes of instability involved 
in the wake transition show up with vortex loops (Mode-A) and the streamwise vortex 
pairs (Mode-B). This has been demonstrated and documented by Williamson (1988b, 
1992). The author has observed experimentally that the spanwise length scale for Mode- 
A is around 3-4 diameters of the cylinder and Mode-B instability has a length scale of 
approximately 1-1.5 diameters. Henderson (1996) has proved the existence of these two 
modes through their numerical study using Floquet stability analysis. They have shown 
that the Mode-A occurs through subcritical bifiircation whereas Mode-B is brought about 
by supercritical bifurcation with no frequency shift near the threshold. In another work 
by Henderson and Barkley (1996), the three-dimensionality has been demonstrated as the 
cause of the secondary instability. The critical Reynolds number for this instability has 
been found to be 188.5 while Mode-A has a spanwise wavelength of 4 diameters. The 
recent developments in the low Reynolds number experiments (Williamson, 1992, 1996a, 
1996b) indicate that the discontinuity in the Strouhal-Re 5 molds number curve in the case 
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of a circular cylinder is due to the presence of large scale low frequency structures during 
Mode-A instability. This combined mode is called Mode-A*. Williamson (1992) has 
shown that wake behind a circular cylinder at a Reynolds number of about 200 reveals 
the formation of the intermittent low frequency large scale structures. This structure 
was generated intentionally in the experiments with the help of a disc of small thickness 
mounted over the cylinder. The presence of the disc created a frequency discontinuity 
across the span of the cylinder. The presence of large scale intermittent low frequency 
velocity irregularities were also reported by Roshko (1954) and later by Bloor (1964). 
Hama (1957) confirmed the formation of the secondary vortices. In an experimental study, 
Gerrard (1978) has called the secondary vortices as finger of dye. Wu et al. (1994) have 
reported an experimental study using particle image velocimetry (PIV) and investigated 
the near wake structures quantitatively through velocity and transverse vorticity (cOy) 
distribution over a range of Reynolds munbers between 50 and 180. 

Williamson (1988a) has shown the existence of a discontinuity in the Strouhal- 
Reynolds number relationship for the laminar vortex shedding from a circular cylinder. 
The underlying physical mechanism was found to be caused by a change in the mode of 
oblique shedding. But with parallel shedding (with the manipulation of end conditions) 
the resulting Strouhal-Reynolds number curve was seen to be completely continuous. 
This data agreed well with the oblique-shedding data when transformed by So = Se/cos9 
(where Sb is the Strouhal number corresponding with the oblique-shedding angle 6). It 
was proved that this relationship also agreed well with the data from a completely different 
experimental facility. It was thus concluded that the Strouhal-Reynolds number curve was 
universal. 

Konig et al. (1992) have reported based on flow-visualization that end effects give 
rise to cells of different frequencies appearing simultaneously across the span of a circular 
cylinder in the laminar Reynolds number range of 40 - 160. The smoke-wire technique 
was used to obtain a visual image of the wake in the end region of the cylinder. Their 
findings rewal that each cell is associated with a different angle between the vortex axis 
and the cylinder. They have confirmed that the discontinuities in the Reynolds-Strouhal 
number relationship are due to the movement of the cell boundaries across the span of 
the cylinder as a function of Reynolds number. 

Mittal and Balachandar {1995b) have performed a direct numerical simulation past 
a circular cylinder. Their observations reveal that the streamwise structures are formed 
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due to the stretching of core vorticity along with the stretching of small scale streamwise 
vorticity already present outside the core. The observed hairpin vortex plays a central role 
in transferring vorticity out of the core. The authors remark that the hairpin structures 
are associated with a spanwise subharmonic mode and thus exhibit a period-doubling 
mechanism. 

Zhang et al. (1995) have reported from experiments as well as numerical calculations 
that the spanwise vortices evolve naturally even without any external source. These 
authors have also shown the formation of three-dimensional shedding modes. They have 
observed four physically different instabilities. Out of these, one is a vortex adhesion mode 
and the other three are near-wake instabilities, associated with three different spanwise 
wavelengths of approximately 1, 2 and 4 diameters. 

The wake of a circular cylinder has been investigated by Brede et al. (1996) for 
Reynolds numbers between 160 and 500 by means of particle image velocimetry. They 
have measured for the first time, the cross-stream velocity fields for two classes of sec- 
ondary vortices (Mode- A and Mode-B). Their results show that the circulation associated 
with the Mode-A secondary vortices in this plane is approximately twice the circulation 
of the Mode-B secondary vortices. The spanwise wavelength of the secondary vortices is 
four to five cylinder diameters for Mode-A and one diameter for the Mode-B. Mode-A 
makes an appearance under certain conditions in the interval of 160<Re<240 and Mode- 
B at Reynolds numbers above 240. Modes-A and -B could be identified as topologically 
different vortex structures in this work. 

It should be remarked that the wake of the square cylinder has not been studied 
as closely as the circular cylinder. Predominant research on square cylinder has focussed 
on engineering quantities such as forces. The present work aims at imderstanding the 
wake of a square cylinder over a wide range of Reynolds numbers, with a view towards 
establishing a connection with the circular cylinder geometry. 


2.1.4 Flow past other bluff body geometries 

The flow past bodies other than the circular and square cylinder have also been the subject 
of interest to many researchers. Kiya and Matsumura (1988) have performed experiments 
on flow past a flat plate at normal incidence. They have described the characteristics of 
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the random incoherent fluctuations in the near-wake. They have found that the shear 
stress associated with the incoherent fluctuations has contributions mainly from those 
components whose frequencies are around half of the vortex shedding frequency. Tafti 
and Vanka (1991) have performed a two-dimensional computational study of flow over a 
blunt plate placed along the flow direction. The Reynolds numbers considered are 150, 
250, 300 and 1000. Their study reveals that the first three Reynolds numbers lead to 
a steady wake and their computed reattachment lengths match well with experimental 
data. For a Reynolds number of 1000, the flow field is observed to be unsteady with the 
formation of spanwise vortices in the separated shear layer. These vortices were found to 
coalesce to form larger vortices which were then shed periodically beyond the reattachment 
length. The authors were able to capture the dynamics of vortex shedding even with a 
two-dimensional model though the fiow can be expected to be three-dimensional at this 
high Reynolds number. T im e dependent features such as vortex shedding frequencies and 
vortex convection velocities were seen to be in good agreement with the experiments. The 
most interesting phenomenon presented in this study is the generation of positive surface 
velocities within the separation bubble at a Reynolds number of 1000. This is attributed 
to the unsteady entrainment of the irrotational fiuid by the vortices in the separated shear 
layer. 


Mittal and Balachandar (1995a) have carried out a two- and three-dimensional com- 
putational study of flow past bluff objects, circular and elliptic in cross-section. Fourier 
Chebychev spectral collocation methodology was used in this work. The Reynolds number 
chosen was 525 for both geometries. When the flow is physically three-dimensional, the 
two-dimensional simulation was seen to give inaccurate aerodynamic behaviour. The 
three-dimensional model gave results very close to the experiments. Higher in-plane 
Reynolds stresses was the main cause for over-prediction of drag in the two-dimensional 
simulation. The recirculation length was seen to be smaller in two-dimensions compared to 
three-dimensions and correspondingly the effect of Reynolds stresses on the surface pres- 
sure was higher in two-dimensions. Large secondary vortices were observed in the mean 
flow pattern of the two-dimensional simulation whereas the secondary vortices formed in 
three-dimensions were smaller in size. The drop in peak to valley level of the lift coeffi- 
cient was found to be primarily due to the excursion of Karman vortices about their mean 
petition in the wake. It was found that these vortices were seen to come closer to the 
cylinder surface and thereby inducing a larger pressure fluctuations on the surface and 
this resulted in a larger amplitude of lift fluctuations. 
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Najjax and Vanka (1995) have performed a two-dimensional numerical study of flow 
past a normal flat plate over a Reynolds numbers range of 80 - 1000. Higher order spatial 
(fifth order upwind bias for convective terms and fourth order for diflFusive terms) and 
temporal (second order Adams-Bashforth) discretization were used. At lower Reynolds 
numbers (~100), the Karman vortices were seen to travel parallel to the centreline and 
the drag fluctuated sinusoidally. However, at Reynolds numbers 500 and 1000, complex 
interactions were seen in the far-wake and two distinct interaction periods could be iden- 
tified. In one period the vortices travelled in the usual manner but in the second period 
the vortices paired and crossed over the centerline. These interactions were confirmed via 
the instantaneous snapshots of the flow field and the low frequency modulation of the 
velocity time trace. 

Heist and Gouldin (1997) have experimentally studied turbulent flow past a trian- 
gular cylinder mounted on a wall at a Reynolds number of 2.8x10'^. The authors have 
used LDV in a gravity driven water tunnel in their experiments. The importance of the 
pressure transport term at the high speed edge of the shear layer was proved through en- 
ergy balance. The relationships and details of energy balance with the shapes of spectra 
have been established from the experiments. 

Majumdar and Amon (1997) have carried out a direct numerical simulation for a 
transitional Reynolds number of 400 in a communicating channel geometry. Their results 
show that an oscillatory momentum transport mechanism is established, which in turn 
can be related to various terms of the kinetic energy equation, the oscillatory shear stress 
and the transitional eddy viscosity. 

2.1.5 Study of transition and chaos 

Fluid flow past a square cylinder has been the subject of fundamental research because 
of the intricate mechanisms in the wake that result in a variety of imexpected phenom- 
ena. Examples are wake unsteadiness even at low Reynolds numbers, detachment of the 
free shear layer and the consequent shedding of vortices, generation of harmonics, three- 
dimensionality in nominally two-dimensional geometries, onset of chaos and the transition 
to turbulence. This by itself is a sequence of transitions, each being identified with a crit- 
ical Reynolds number and an associated flow topology. The theoretical determination of 
the critical Reynolds numbers via a numerical model when the wake approaches a chaotic 
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state foriBS the topic of the present discussion. 

At a low Reynolds number (10 - 45), a steady separated pattern is observed. The 
flow field becomes periodic as the Reynolds number crosses a cntical value with a Hopf 
bifurcation. The transition to chaotic state through different routes is brought about if 
the control parameter, the Reynolds number, in the present investigation is increased in 
steps. The routes and the respective critical Reynolds number may differ due to several 
factors such as inflow conditions, end conditions and confinement effects. 

A nonlinear dynamical system can go to a chaotic state through three distinct routes. 
These involve period doubling of the frequencies (Feigenbaum, 1980), the Ruelle-Takens- 
Newhouse route through quasi-periodicity (Ruelle and Takens, 1971) and intermittency 
(Manneville and Pomeau, 1980). These routes have been identified in the context of 
lumped systems. Their appearance in continuous systems and the generalization to spa- 
tially distributed chaotic fields have been investigated by various researchers. Vittori and 
Blondeaux (1993) have reported a quasi-periodic route to chaos in their numerical study 
of two-dimensional oscillatory flow around a circular cylinder. They have found that the 
system gets phase-locked before it becomes chaotic. 

In the quasi-periodic route, the dynamical system initially at steady state becomes 
unstable as the control parameter crosses a particular threshold limit. The nonlinearity of 
the system generally increases as a result of an increase in control parameter. For example, 
an increase in the Reynolds number diminishes diffusion and dissipation mechanisms, 
resulting in greater prominence of the nonhnear acceleration terms. As a consequence of 
instability, the dynamical behaviour approaches a limit cycle caused by a Hopf bifurcation. 
With further increase in the control parameter, additional Hopf bifurcations take place 
and the system moves to the state of double (and occasionally triple) frequencies. Over 
a range of the control parameter, the three frequencies co-exist in a ratio, dependent on 
the control parameter. Over a second range of this parameter, the frequency ratio is a 
constant; this phenomenon is referred as frequency-locking. When the control parameter 
is further raised, the system enters a chaotic state. Guzman and Amon (1996) have 
shown a quasi-periodic and frequency-locking route to chaos in two- as well as three- 
dimensional converging-diverging channels. They have reported that a two-dimensional 
simulation of a self sustained oscillatory flow experiences three successive supercritical 
Hopf bifurcations as the Reynolds number is increased. The first Hopf bifurcation takes 
place at 130<Rec<135. The flow becomes chaotic with the increase in the Reynolds 
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number from 150 to 500 through torus — > phase-locking — >■ torus scenario. However, 
in a three-dimensional calculation the flow was seen to reach a quasi-periodic self-sustained 
oscillatory state at a Reynolds number of 226 following two superficial Hopf bifurcations. 

Gollub and Benson (1980) have demonstrated experimentally the different routes 
to chaos in Rayleigh-Benard (R-B) convective flows by varying the aspect ratio, Prandtl 
number and the mean flow corresponding to the number of rolls. They have shown that 
the convective field becomes chaotic via quasi-periodicity and the phase-locking route. 
They also found broad-spectrum flows preceded in Rayleigh number by quasi-periodicity 
and phase-locking, by quasi-periodic two- and three-firequency flows, by a succession of 
subharmonic period-doubling bifurcations, and by intermittent noise. Mukutmoni and 
Yang (1993) have numerically determined the route to chaos for R-B convection in a 
small aspect ratio enclosure to be of the period-doubling type. Their results showed 
dependence of the transitions on boundary conditions. The above result was obtained 
with symmetry conditions without which the route seemed to be of the quasi-periodic 
form. The authors also found that the period doubling route to chaos can be realized 
only if the oscillating velocity and temperature field preserve the four-fold symmetry of 
the mean-flow on the horizontal plane. 

Karniadakis and Triantafyllou (1992) have reported dynamics of a three-dimensional 
flow and transition to turbulence in the wake of a circular cylinder. They have found that 
the system undergoes a rapid transition to a chaotic three-dimensional state at a Reynolds 
number of 500 starting from a laminar two-dimensional state at a Reynolds number of 
200. The corresponding route followed by the system to the chaotic state was seen to be 
of the period-doubling type. In the work of Pulliam and Vastano (1993), the transition to 
chaos of an open unforced two-dimensional flow past an airfoil has been documented. The 
salient findin gs of their study are that the system undergoes a period-doubling bifurcation 
to chae»s as the Reynolds number is increased from 800 to 1600. Windows of periodic 
behaviour are seen to exist in the chaotic regime past a Reynolds number of 1600. The 
chaotic attractor behaviour has been characterized by estimating the Lyapunov exponent 
and the fractal dimension. The authors have also demonstrated that the observed chaos 
was not numerically generated. The effects of mesh resolution, artificial dissipation and 
the order of temporal accuracy of the numerical method have been systematically studied. 
The authors thus have explained the physical mechanism underlying the route to chaos. 
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2.1.6 Important experimental studies 


Experiments are useful in vaUdatiug numerical calculations on one hand, and ^ ainmg 
unexpected observations on the other. Thus, they complement to computational rese^ch, 
particularly in the context of complex Bow configurations. Extensive experiments have 
been reported for the study of wake of a circular cylinder. Seclected expenments are also 

available for a square cylinder. 


Okajima (1982) has conducted an experimental study of flow past a rectangular 
cylinder in a Reynolds number range of 70 - 2x10^ and the width-to-height ratio of 2 and 
3. With a change in the width-to-height ratio, the flow pattern changed abruptly with 
a discontinuity in Strouhal number. Experiments were performed in a water as well as 
in a wind tunnel using hotfilm and hotwire anemometry respectively. The experimental 
results compared weU with his numerical simulation. The Strouhal number dependence 
for both square and rectangular cylinders on the Reynolds number was clearly brought 

out. 


In the wake of a bluff-body flow, the time-varying component (for example, 

velocity and pressure) may be written as the combination of global mean component 
^(xi), a periodic component and a random component (l>"{xi,t) (Hussain, 1983). 

The above statement can be expressed in the form 

t) = ^(xi) -1- ^{xi, t) + 4>"{xu t) = 4>{xi) + <p'{xi, t) = {(j)) {xi, t) + (f> {xi, t) (2.1) 

where <f>"{xi,t) refers to turbulent flow alone whereas 4>{^i) and ^(xi,t) are common for 
both laminar and turbulent flows. Due to this random fluctuations, the instantaneous 
flow can be studied as the phase-averaged field. This filters out the random fluctuations 
and the flow field looks coherent over a larger spatial domain. The phase-averaged fields 
can be generated with the help of a reference signal which is less noisy in the presence of 
random components. Generally, the reference signals are pressure on the cylinder surface 
or the component of velocity at a location that records a comparatively clean signal. The 
measurement of phase-averaged flow fields have been reported by various authors. 


In the experimental investigation of transport process, Cantwell and Coles (1983) 
have studied the near-wake of a circular cylinder at a Reynolds number of 140000. A 
fiying-hotwire tedmique was used to measure phase-averaged quantities in a wind tunnel. 
The phase-averj^ed (namely periodic) as well as the random components have been shown 
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to have compaxable amplitudes. A considerable emphasis has been placed on the topology 
of the unsteady mean flow. This emerges as a pattern of centres and saddles in a frame 
of reference moving with the eddies. The kinematics of the vortex formation process has 
been described through the critical point theory. The important conclusion of the work 
is that the turbulence production is concentrated near the saddles. Entrainment of the 
fluid into the wake is also found to be closely associated with the formation and location 
of the saddles. 

Durao et al. (1988) have reported laser-Doppler measurements of the velocity char- 
acteristics for turb-ulent flow around a square cylinder mounted in a water channel for a 
Reynolds number of 14000. The study involved spectral analysis and digital Altering of 
the LDV data obtained behind the cylinder. The authors could separate and quantify 
the turbulent and periodic, non-turbulent motions of the wake flow. They showed that 
near the zone of highest velocity oscillations, the energy associated with the turbulent 
fluctuations is about 40% of the total energy. 

Zhou and Antonia (1993) carried out experimental study of turbulent flow in a 
wind-tunnel at a Reynolds number of 5600. Turbulent vortices in the wake of a circular 
cylinder have been detected by a method which includes vorticity and circulation criteria. 
They have found out that the vorticity and circumferential velocity distributions which 
correspond to these detections are exponential in shape, similar to those for an Oseen 
vortex. The conditionally-averaged streamwise velocity distribution through the vortex 
centre has a maximum at the centre, implying a vortex convection velocity greater than 
the local mean velocity. They have also reported that the measured mean velocity and 
the Reynolds stresses match well with that of the Oseen vortex model. Results have also 
been reported for the streamwise variations of the vorticity concentration, circulation and 
the size of the vortices. 

In the experiments of Lyn and Rodi (1994), the turbulent shear layer and the associ- 
ated recirculation region (on the sidewall) due to the flow separation from forward corner 
of a square cylinder have been studied with one-component Laser-Doppler velocimetry in 
a water-tunnel at a Reynolds n um ber of 21400. The authors have studied the relationship 
in phase and amplitude between intensities and gradients of the phase-averaged veloc- 
ity. They have also investigated the self-similarity of the phase-averaged profiles in the 
shear layer as weU as the streamwise growth of the shear layer. Though phase-averaged 
velocity profiles collapse well in similarity co-ordinates they found that normalized turbu- 
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lence intensities exhibit systematic deviations. The shear layer growth was seen to depart 
markedly from a hnear trend of the unforced plane mixing layer. The possible cause for 
some of these deviations was associated with the effect of recirculation. 

Lyn et al. (1995) have reported an LDV study of turbulent flow past a square 
cylinder with emphasis on the ensemble-averaged characteristics of the flow behaviour. 
The Reynolds number considered in their study was 21400. The experiments were carried 
out in a closed and constant head water tunnel. Data analysis was carried out using the 
triple-decomposition approach of the variables (Equation 2.1). Their results showed a 
relationship to exist between the flow topology and the turbulence distribution. Vorticity 
saddles and streamlines saddles could be clearly distinguished. A distinction could be 
seen between the flow in the base region and the near-wake. Differences in the length and 
velocity scales, and celerity of the vortices of flows between a circular and a square cylinder 
have also been compared. Lyn et al. (1995) have discussed the topology of turbulent flow 
with respect to peak vorticity (wp), streamline centre (for closed streamlines), saddles 
(intersection of streamlines) and the turbulent kinetic energy. 

Ensemble-averaged characteristics of the turbulent near-wake around two identical 
square cylinders placed side-by-side have been studied by Kolar et. al. (1997) in a water- 
tunnel at a Reynolds number of 23100. They have used the two-component laser-Doppler 
velocimetry for their measurements. They have reported a case with a gap/diameter ratio 
of 2 for which the resulting individual vortex streets are coupled so as to give a symmetric 
flow about the line midway between the two cylinders. The results of the two-cylinder and 
the one-cylinder data have been compared. The difierences between the flow structures on 
the side towards the centreline (inner structure) and the structures on the free-stream side 
(outer structure) have been studied. The circulation associated with the inner structure 
was seen to decrease drastically with the downstream direction. This is in contrast with 
the outer structure which shows a decay rate similar to the single cylinder. The authors 
have highlighted the vortex structure motion and the relevant length and time scales. 
The difierenc^ in momentum and vorticity transport across the flow centreline have been 
demonstrated. The invariant of the local velocity gradient have been related to the critical 
points (centres and saddles) and turbulence statistics. 
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2.2 Sensitivity of the Wake to External Factors 


The majority of research reported above employs uniform upstream conditions. The sensi- 
tivity of the observed phenomena in the Avake to upstream non-uniformities is definitely a 
pertinent issue. Nonuniformities in the approach flow are common to both in engineering 
application as well as in nature. The shear generated due the nonuniform velocity profile 
may be in a direction axial to the bluff object, or may be transverse to it. Transverse 
shear is seen in flow past a bridge pier in a curved river. Uniform shear is a regular up- 
stream condition in flow past horizontal pipelines just above the ground level due to the 
formation of boundary layers. A second type of nonuniformity can arise due to turbulent 
fluctuations. The inlet turbulent fluctuations, having different intensity and length scales 
can influence the aerodynamic characteristics such as vortex shedding frequency, drag and 
hft coefficient and their rms values. 

Lee (1975) has carried out the measurements in a wind tunnel for a square cylinder 
at a Reynolds number of 1.76x10® at different angles of incidence. Surface pressures 
were measured with the help of pressure taps mounted on the cylinder surface. The 
turbulence intensity and the length scales were varied between 0.5-12.5% and 0.063-0.155 
(as a fraction of the cylinder size) respectively along with the incidence angle between 
0-45°. The results show the following: (i) With the increase in intensity of turbulence 
in the flow normal to the prism the drag coefficient decreases (ii) Increase in turbulent 
intensity cause the vortex formation region to move downstream (iii) The pressure energy 
is reduced by a factor of 5 when turbulence intensity of the incident flow is 'increased from 
0.5 to 12.5 percent (iv) The drag coefficient decreases initially with the incident angle 
upto a value of 15° and then starts to increase and (v) The Strouhal number is shown to 
increase to a maximum at the angle at which the mean drag is minimum. The experiments 
of Huot et al. (1986) shows the effect of turbulence intensity and length scales on the 
mean and the fluctuating pressure field. Measurements of cross-spectra at different points 
on the same cross-section, have shown how the fluctuating surface pre^ure field downwind 
of separation has a narrowband component at the Strouhal frequency that is sensitive to 
the turbulence. The have also revealed how a broadband component is generated by the 
recirculating flow that is insensitive to the upwind turbulence. 

The frequency of vortex shedding from a circular cylinder in a uniform shear flow 
and the flow patterns around it have been experimentally investigated by Kiya et al. 
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(1980). The Reynolds number based on the cylinder diameter and the approaA velocity 
1 center is retween 35 and 1500. The shear parameter is defined as the tra^veme 
velocity gradient and is varied between 0 and 0.26, The critical Reynolds number b. 
yond whWi vortex shedding occurs has been found to be higher and increases linearly 
With the increase in shear parameter (>0.06). Vortex shedding is seen to ^appear for 
sufficiently large shear parameters in the Reynolds-number range 43 - 220. However, 
the Strouhal number increases with the increase in the shear parameter beyond 0.1 or 
a Reynolds number range of 100 - 1000. Kwon et at (1992) have carried out extensive 
laboratory experiments in a water tunnel for a uniform-shear flow approaching a circu- 
lar cylinder. Their study was aimed at deducing the dependence of Strouhal number on 
Reynolds number for a wide range of shear parameters. They have reported their results 
for a range of Reynolds number of 600 - 1600 using an flow visualization in conjunction 
with image processing technique. Their flndings show that the drag coefficient decreases 
with increasing Reynolds number and the shear parameter. Ayukawa et al. (1993) have 
demonstrated numerically the efiFect of shear rate on the flow around a square cylinder in 
a uniform shear flow at a Reynolds number of 4000. The flow has been modeled to be the 
superposition of potential flow (a system of vortex filaments representing approximately 
the square cyhnder) and the shear layer originating from separation at the corners of the 
cylinder. Their findings reveal that the effect of shear rate on the Strouhal number and 
the force acting on the cylinder are small. However, the flow pattern is affected by the 
shear rate. At high shear rate, von K^m^ vortex street is seen to break down with the 
flow pattern far downstream tending to be similar at any instant. 


2.3 A Review on Turbulence Modeling 


Newtonian fluid flow is now understood to be fully represented by the Navier-Stokes 
equations. Numerical solution of Navier-Stokes equations is thus a successful modeling 
tool for laminar and turbulent flows. If turbulent flow is computed using the same grid 
and time step as in laminar flow, the solutions will not reveal the existence of the small 
scale eddies. Hence, the transport of turbulent kinetic energy from the larger to the 
smaller eddies will not be addressed. Nevertheless, the Navier-Stokes equations can be 
solved on a fine enough grid with an exceptionally accurate discretization method so that 
both fine scale and large scale aspects of turbulence can be calculated. This approach 
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is termed as the Direct Numerical Simulation (DNS) of turbulence (Kim et al., 1987; 
Rai and Moin, 1991 ). DNS has been a very successful tool over the past ten years for 
the study of transitional and turbulent flow physics. It has however a severe limitation. 
In order to resolve all scales of motion, one requires a very large number of nodes. A 
typical DNS may require nearly 40x10® grid points for a Reynolds number of 2500 and 
the computational time is of the order of 700 hours on a 150 Mflops machine. The DNS 
approach to turbulence modeling is a subject matter of research. 


2.3.1 Various approaches of modeling turbulent flows 

Practical computations of turbulent flows adopt strategies different from' DNS. The tur- 
bulence motion is random in nature and so it is conjectured that it can be described 
by statistical tools. For analysis, it may be convenient to decompose the instantaneous 
velocity of the fluid into a time-averaged and a fluctuating component and look for the 
solutions of time-averaged velocities^. The efi'ect of the fluctuating components on the 
mean motion can be modeled using empirical relations obtained from experiments. The 
Navier-Stokes equations together with the equation of mass conservation form a closed 
system of equations. However, if the equations are averaged to focus on the mean veloc- 
ity component and pressure, the system possesses more unknowns than the number of 
equations. The splitting of instantaneous velocity into a time-averaged and a fluctuating 
part is called Reynolds decomposition. The system of equations obtained on averaging 
{Reynolds-averaged Navier-Stokes) cannot be closed unless additional relations are sup- 
plied from experiments to correlate the fluctuating components with the mean motion. 
This difficulty is termed as the closure problem. 


The averaging of the governing equations can be done in various ways (Hinze, 1987). 
Time averaging is suitable when the mean flow is stationary or slowly changing with time. 
Phase averaging is basically a statistical concept which is more meaningful for unsteady 
mean flows. A third alternative is space averaging which is used in a technique known 
as the Large Eddy Simulation (LES). LES is an emerging area of turbulence research 
(Schumann, 1975; Moin and Kim, 1982; Tafti and 'Vanka, 1991; Piomelli, 1993; Ghosal et 
aL, 1995). In LES, large scale motions are calculated from DNS and subgrid scale motions 


Mj used in algebraic expressions in this subsection are dimensional velocities. 
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are modeled. The subgrid scale coutribution contains all length scales smaller than the 

grid interval. 

The tim^averaged equations of motion are similar to the Navier-Stokes equations 
except that they have additional terms containing the contribution of the fluctuating 
components of velocities to the mean flow dynamics. These terms are identical for the 
time-averaged and the phase-averaged equations. The contributions of the fluctuating 
components have an effect similar to viscous stresses and are called Reynolds stresses. 
Space averaging produces a few additional terms besides the Reynolds stress components. 
To address the closure problem, Reynolds stresses have to be expressed in a physically 
meaningful manner in terms of the mean velocity field. Such a relationship is called a 
turbulence modeling. 

Most of the widely used turbulence models are based upon the eddy viscosity concept 
of Boussinesq (Rodi and Spalding, 1970; Launder and Spalding, 1974; Kato and Launder, 
1993; Yakhot and Orszag, 1986 and Yakhot et al, 1992). The influence of turbulence 
on the mean flow is that it absorbs kinetic energy from the mean flow and increases 
the rate of transport of mass, momentum and energy normal to the streamlines of the 
flow. The second effect is similar to that of viscosity in laminar flows. The Boussinesq 
approximation utilizes this analogy and assumes that Reynolds stresses can be represented 
by an eddy-viscosity and the relevant velocity gradients. This concept guides in expressing 
the turbulent shear stress as 

-pu,u, = + ^) - ( 2 . 2 ) 

where /it is eddy viscosity, k is the turbulent kinetic energy and djj is the Kronnecker delta 
function. All eddy-viscosity models assume the correctness of this relationship and differ 
only in their method for estimating /it- The eddy viscosity models are indeed useful for 
engineering applications, although they have been criticized for assuming the turbulent 
eddy action to be isotropic. 

Two-dimensional calculations axe not appropriate for bluff body wakes at high 
Reynolds numbers since the flow is three-dimensional beyond a Reynolds number of 180 
(Williamson, 1988b). The flow is chaotic and possibly turbulent at a Reynolds number of 
400. Flows above a Reynolds niunber of 400 require to be computed by solving the three- 
dimensional unsteady Navier-Stokes equations using very fine grids. To economize the 
computation, engineering applications for higher Reynolds numbers axe being presently 
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computed in two-dimensions using various eddy viscosity models of turbulence. In such 
simulations, energetic interactions with respect to the third component of velocity are 
effectively set to zero. Hence, the occurrence of shedding and the prediction of the nu- 
ances of shedding depend significantly on the turbulence model used and the details of 
the numerical technique. 

Okajima et al. (1992) have carried out a detailed study for rectangular cylinders 
with round and square leading edges while the trailing edge is square in all the cases. The 
authors have simulated flows over a range of Reynolds numbers (1x10^ — 7 x 10^) using 
the standard k-e model. Though some aspects of bluff body aerodynamics were captured, 
they found signiflcant differences between the experiments and the numerical predictions. 
Pranke and Rodi (1993) have shown that the occurrence of shedding past a square cylinder 
and its characteristics depend on the turbulence model used. They have also reported 
that the physically meaningful predictions are modulated by the details of the numerical 
technique itself. Hadid et al. (1992) have reported turbulent simulation past a square 
cylinder using two different approaches, namely the standard k-e model and an anisotropic 
k-e model. The anisotropic k-e model was found to resolve the anisotropy of the Reynolds 
stresses and predict the mean energy distribution closer to the experiments vis-a-vis the 
standard k-e model. Rodi (1993) has reviewed calculations performed on vortex shedding 
past long cylinders of various shapes at high Reynolds numbers using different k-e models, 
the Reynolds Stress Equations (RSE) model and the Large Eddy Simulation (LES). The 
USE model and the LES simulation have emerged superior in his reviews. Bosch and Rodi 
(1996) have reported experimental as well as numerical results for the flow past a square 
cylinder at a Reynolds number of 22000 plaeed at various distances from the adjacent 
wall. Their experimental observation reveals that vortex shedding and the consequent 
unsteadiness in the flow field are suppressed when the cylinder is placed very close to the 
wall. This has been successfully simulated by two different turbulence models, though the 
predictive procedure handles a two-dimensional flow field. Having analyzed a wide range 
of models and numerical techniques, Rodi et al. (1997) conclude that the square cylinder 
flow is diflicult to simulate because the inflow is laminar and transition takes place in 
the separated shear layer on the sides of the cylinder. The simulation is sensitive to 
small changes in various factors related to the modeling strategy and the computational 
algorithm. This conclusion is quite consistent with the properties of transitional flows 
which are generally known to be sensitive to small perturbations. 
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2.4 Summary 


Flow past a bluff body has been studied extensively in the past but continues to be a 
topic of serious research. However, many important aspects of this flow have remained 
unexplored. The main difference between the flow past a circular and a square cylinder 
is that the former does not have any fixed points of separation as in the case of the latter 
which have the points of separation at the leading edges. Many investigations on the 
circular cylinder are available in open literature. The square cylinder albeit being an 
important topic of research, has not been studied with as much rigour. 

The mechanism of the transition to unsteady from a steady flow for a square cylinder 
has been well discussed in the literature. The corresponding range of critical Reynolds 
numbers has also been documented. The effect of Reynolds number on the aerodynamic 
forces on the square cylinder have been numerically established. Similarly the dependence 
of Strouhal number on Reynolds number has also been discussed in the the literature. The 
flow behaviour at the high Reynolds number turbulent flow has been studied with respect 
to the triple decomposition of the flow variables. The effect of inlet turbulence on the flow 
past a square cylinder, especially on the aerodynamic forces have also been reported in 
the literature. The effect of transverse shear on the the aerodynamic forces on the square 
cylinder has been discussed. 

The transitional behaviour and the phenomenon from a two-dimensional to three- 
dimensional flow have been studied for the circular cylinder. However, there is no study 
related to the transitional behaviours (spatial as well temporal) for the flow past a square 
cylinder. The transitional behaviour has not been well understood due to the susceptibility 
of such flows to various factors affecting the transition phenomenon. As a result, there 
is very little understanding of this important aspect of flow behaviour. Similarly, the 
transition and route to chaos are not known for the flow past a square cylinder. The 
effect of inlet shear on the wake structure of the square cylinder has also not been studied 
in detail. The role of the random components in a turbulent flow and its relationship 
with the large scale structures are not well understood. The generation mechanism of the 
random components which are otherwise believed to be universal in nature seem to depend 
on the large scale structures. Lastly, the rehability of the two-dimensional computations 
for the three-dimensional flows has not been critically evaluated for the flow past bluff 
objects. The discrepancy of the two paradigms has been demonstrated with respect 
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to the aerodynamic forces but the reasons of the differences in wake structure and the 
corresponding pressure field have not been studied so far. 

The advent of the high speed computers have made it easier to tackle the complex 
problem numerically as well as experimentally. Experimentally, the data acquisition sys- 
tem permits handling a large volume of data and getting detailed information has not 
remained difiicult. Similarly, direct numerical simulation is also likely to be possible for 
complex problems due to the rapid evolution of the powerful computers. The physics 
of a particular problem and the new findings can be strengthened by conducting both 
numerical and experimental study. Once the numerical calculation is validated, one can 
achieve a greater understanding about the unknown aspects of the problem. 

The present study aims at addressing heretofore unknown aspects of the flow past 
a square cylinder. Both numerical and experimental approaches have been adopted to 
accomplish the objectives of the investigation. The experimental study is based on hotwire 
anemometry whereas the numerical study involves a finite difierence based simulation tool. 
The Reynolds number considered in the present study ranges from a very low value of 40 
to a high value of 21400. 



Chapter 3 


Description of Numerical Techniques 


Fluid flow can. be modeled using the principle of conservation of mass and Newton’s 
second law of motion. These laws can be developed in the form of the partial differential 
equations along with the suitable boimdary conditions. It is well known that these partial 
differential equations are nonlinear and do not admit analytical solutions even for problems 
of modest complexity. A numerical approach is a practical alternative for analyzing flow 
problems. 

A proper description of the flow fleld including accuracy is feasible when the solution 
can resolve all the length and temporal scales associated with it. The solution of the 
Navier-Stokes equations is comparatively easier for low Reynolds number laminar flows 
due to its larger length and time scales. With increasing Reynolds numbers, the spatial 
and temporal scales become smaller and obtaining a meaningful solution becomes more 
difl&cult. 

Extensive investigations have been carried out in the recent decades for develop- 
ing numerical schemes to solve the incompressible Navier-Stokes equations in regular and 
multi-dimensional complex geometries. The main difficulty with incompressible flow sim- 
ulation is the absence of an obvious equation for pressure. Specifically, the nature of 
coupling of the pressure and the velocity variables is implicit in nature. When the flow 
is treated as incompressible, pressure does not have the usual thermodynamical meaning. 
Here it has a relative value which adjusts itself instantaneously in such a way that the 
condition of zero divergence is satisfied at all computational cells. This behavior is re- 
lated to the fact that the speed of sound becomes infinite in an incompressible fluid. As 
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a consequence, the pressure field cannot be calculated by an explicit tim^advancement 
procedure. Instead it requires at least a partially implicit determination which is able to 
take into account the coupling between the pressure and the velocity field, subject to the 
boundary conditions. This aspect is the most distinctive feature of the primitive variable 
formulation of the incompressible Navier-Stokes equations. 

The difficulties associated with the determination of pressure has led to the methods 
that eliminate pressure from the governing equations. In two dimensions, the elimination 
of pressure by cross differentiation of the two momentum equations leads to the vorticity 
transport equation. This equation when combined with the definition of stream function 
forms the basis of the weU known stream function-vorticily method. However, this ap- 
proach becomes less attractive when a three-dimensional flow is computed because of the 
absence of a single scalar stream function in three-dimensions. A primitive variable for- 
mulation involving velocity and pressure is often preferred for solving the Navier-Stokes 
equations since it is directly extendable to three-dimensional geometries. Such a formu- 
lation also allows boundary conditions to be applied in a straightforward manner. 


3.1 Review of Available Numerical Methods 


Finite difference, finite volume, finite element and spectral methods are some of the pop- 
ular numerical methods. Both finite volume and finite element methods belong to the 
class of weighted residual methods (Fletcher, 1988 ). However, in implementation, finite 
volume discretizations closely resembles finite difference methods. 

The finite difference method converts the differential equation into an algebraic 
(difference) equation centered around a node of a grid. Thus it provides a pointwise 
approximation to the partial differential equation. Derivatives in the governing partial 
differential equations are replaced by equivalent finite difference expressions which involve 
the values of the dependent variable at discrete grid points of the domain. The finite 
difference method is easy to implement. The major advantage of the finite difference 
method is that higher order spatial discretization of low order derivatives is handled easily 
and therefore can be used for complex flows in a regular geometry with less computational 
effort. 
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Traditionally, finite volume methods have demanded the use of a body fitted mesh. 
These meshes axe formed from a cuboid of elements which can be stretched to fit any 
surface provided the topological structure of the mesh is prescribed. Consequently, with 
the original finite volume schemes certain complex geometries can be meshed easily while 
others require coordinate transformation. 

The finite element method starts with a piecewise approximation to the dependent 
variables. Various methods of this class exist, all requiring an integral representation of 
the partial differential equation to be constructed. The classical finite element method 
for structural mechanics are based on variational principles. But for many engineering 
problems, particularly in fluid flow, more general approaches, such as the method of 
weighted residuals axe used. The primary advantage of this method is its ability to 
handle a complex geometry. The limitation of the finite element method is that it cannot 
handle the convective terms in a systematic manner at higher Reynolds numbers. 

The spectral method can be viewed as a high order weighted residual method 
(Canuto et al, 1986 and Gottlieb and Orszag, 1977). Unlike the finite element method, 
the trial functions of the spectral method are globally specified over the full physical do- 
main. Such global functions can be constructed only for a regular geometry and when the 
solution is known to be smooth. The basic idea of a spectral method is to express the de- 
pendent variables in the form of a truncated expansion of orthogonal eigen functions of the 
Strum-Liouville problem. The coefficients of this expansion axe determined using either a 
Galerkin or a collocation formulation. The spectral method is known for achieving high 
accuracy. For an equivalent number of grid points, spectral methods provide excellent ac- 
curacy compared to either finite volume or finite element methods. However, the spectral 
method has its own limitations. The main weakness of the spectral method compared 
to the finite difference and the finite element approaches is its inflexibility in adapting to 
irregular computational domains. For the method to be applicable, the solution of the 
physical problem needs to be smooth and the physical domain, regular. 

3.1.1 Resolution of pressure- velocity coupling 

Research effort has been directed at two- as well as three-dimensional problems that can 
be computed following a primitive variable approach without encountering non-physical 
wiggles in pressure distribution. One of the suggestions has been to employ a different 
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grid for each of the dependent variables. Harlow and Welch (1965) have used a staggered 
grid for the dependent variables in their well known MAC (Marker and Cell) method. 
The MAC method is one of the earliest and is widely used for solving the incompressible 
Navier-Stokes equations. Here, the solution for velocities is obtained m two steps. In the 
first step, the provisional values of velocity components are computed explicitly using ad- 
vection, diffusion and pressure gradients of the earlier time step. This explicitly advanced 
provisional velocity field may not ensure mass balance at the level of the local grid. In 
the second step, pressure and velocity components are corrected through the solution of 
a Poisson equation for pressure in sudi a way that mass balance is enforced. The equa- 
tion for pressure correction (denoted by ^ ’) can be obtained by relating the provisional 
velocities (denoted by ‘*’) and pressures at the previous time step with the corrected ones 
with the help of the dimensionless momentum and continuity equations as: 


/ d‘^p\ _ du* 

^ j dxi dxi 


(3.1) 


On discretization and putting |^ = 0, the above equation will take the following form: 
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K the pressure corrections in the neighbouring cells are neglected, one can get an algebraic 
equation for pressure. This is discussed in Section 3.4. A related technique developed 
by Chorin (1967) involves a simultaneous iteration on pressure and velocity components. 
Viecelli (1971) has shown that the two methods as applied to the MAC method are 
equivalent. The original version of the MAC method has been modified by Harlow and 
Amsden (1970) and Nichols and Hirt (1971). Hirt and Cook (1972) have applied this 
method for free surface flows. The MAC method has been used by many researchers 
to determine flows in complex geometry. For example, Braza et al. (1986, 1990) have 
computed the unsteady wake behind a circular cylinder. Mukhopadhyay et al. (1993) 
have obtained the periodic wahe behind a rectangular obstacle. In fact, the MAC method 
has been successfully used even to simulate highly unsteady turbulent flows (Robichaux 
et al., 1992). It has been experienced that the MAC method is efficient in the studies 
of temporal flow development. It has stability restrictions on the time step which slow 
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down the calculations when steady state results are desired. However, this method is well 
suited for the unsteady flows having smaller time scales. 


3.1.2 Upwind versus central differencing 


A major difficulty in the numerical modeling of flow equations is in discretizing the con- 
vective term. A good scheme should possess the following properties: accuracy, stability, 
boundedness and algorithmic simpficity. These requirements are often in opposition with 
one another. Stability and boundedness require that the scheme has diffusive smoothing, 
whereas this leads to loss of accuracy. 


It is now well known that the even order central differencing of the convective terms 
suffers from dispersive errors or spurious oscillations unless very fine grids are used to 
limit the cell Peclet number below a value of 2. If the cell Peclet niimber exceeds a value 
of 2, the transportive property is violated and the solution becomes unstable a.s a result of 
nonphysical oscillations. On the other hand odd order upwind differencing causes severe 
false diffusion. The presence of false diffusion can be shown with the following example: 
Consider the model Burgers’ equation 


dC dC d\ 

dt ^ dx^ 


(3.3) 


where z/ is a diffusion coefficient. If the convective part of the above equation is discretized 
with an upwind scheme and the final difference equation is brought back to the PDE with 
the help of Taylor series expansion one will be astonished to see the equation as 


dC dC dX d\ 


(3.4) 


Here the axtificial viscosity i/g == (l/2)u(^i)(l — u{5t) fSx) is always positive. It is zero 
if the convective term is discretized using central differencing scheme. But the accuracy 
of the upwind schemes can be improved with the help of higher order schemes. These 
can also reduce the level of numerical diffusion significantly and at the same time satisfy 
the transportive property. In a given grid system having a ceU Peclet number less than 
2, central differencing automatically satisfies the transportive property yet avoids false 
diffusion. 
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Ma„y.e.e.^e.haveco.aucteascientificco»putati^^^ 

with higher order spatial as well as temporal discreteat.on. K.ro and Mom (1986) have 
I lid a fractional step method in which the governing equations are solved by ttme- 

3pUtting.Thismethoddecomposestheoperatorsofthegovernmgequatronsus.ngphys.cal 

as weU as mathematical arguments. For example, in Navier-Stokes equations one can .n- 
terpret the role of pressure in the momentum equations as an operator which projects an 
arMtrary vector field into a divergence-ftee vector field. The above statement can be put 

in the mathematical form as follows: 


Stepl: < = F«,<,Re) aiid 

Step 2 : with = 0 

where F is a function derived from the Navier-Stokes equations and F and F> are gradient 
and divergence operators respectively. The quantity in the governing PDE crucial for 
maintaining accuracy is the nonlinear acceleration derivative, d{ujUi)ldxj, called the 
convective term. Rai and Moin (1991) have used higher order discretization for this term 
for computing high Reynolds number flows without the help of any model to account for 
the unresolved scales. In high Reynolds number flows, the function of the small scales is 
to drain energy from the larger scales. The reverse is also possible in rapidly developing 
flows. But it has been seen that the wakes, mixing layers and the jets involve very less 
back-scatter, i.e., energy transfer from small scale to large scale. If this small back-scatter 
is neglected than most of the turbulent flow can be simulated with the higher order spatial 
and temporal discretization because of the inherent dissipation involved with the upwind 
discretization of the convective terms. One great advantage of this method of solution 
of higher Reynolds number flow is that it demands less computing resources compared 
to conventional turbulence modeling and has the potential to give good results. Many 
researchers have chosen this particular strategy to solve higher Reynolds number flow in 
various geometries. Rai and Moin (1991) have solved channel flow by this approach for a 
Reynolds number of 7500 and got a good comparison with experiments as well as spectral 
simulation. In a related work, Najjar and Vanka (1995) have successfully studied the 
flow past a flat plate at normal incidence in the Reynolds number range of 250 - 1000 
usi ng fifth order spatial discretization of the convective terms and second order temporal 
discretization. 
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3.2 Incompressible Unsteady Navier-Stokes 
Equations 


The wake of a square cylinder is invariably unsteady. It has been taken to be incom- 
pressible for the present study due to the range of Reynolds numbers considered, namely 
40<Re<22000. The governing equations are presented in this section. In all the governing 
equations, velocities have been nondimensionalized with the average velocity Uav at the 
inflow plane, all lengths with the obstacle width B, and pressure with pu^^. 


Governing equations 

The equations of continuity and momentum may be expressed in the dimensionless form 
as 

p. = 0 (3.5) 

OXi 

duj d{ujUi) ^ dp 1 d'^uj . . 

dt dxj dxi Re dx^ 

Einstein summation notation has been used for the divergence term (Equation 3.5) and 
the nonlinear derivative (Equation 3.6). 


Initial and boundary conditions 

The calculations axe started with initial conditions for all the variables over the entire 
physical domain. Different initial conditions were tried in the present work but all of 
them led to the same asymptotic dynamic flow field. A majority of the initial condi- 
tions correspond to either a uniform (u=constaxit, u=to=0) or fully developed {u=u{y, z), 
u=zto=0) velocity field. A constant pressure initial condition of unity has been employed 
in the present work. 

The boundary conditions for the present studies axe: 
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Confining boundaries: The boundary conditions for the confining boundaries are 

being discussed separately for the two- and three-dimensional cases: 

Twodimensional Computations: Two different boundary conditions have been used; 

(i) ti=u=0; (noslip condition) (ii) condition). 

Three-dimensional Computations: Only free-slip boundary conditions have been 

used, (for example, the boundary conditions at the transverse confining boundaries 

f±H/2) are — =u=— =0 and the boundary conditions at the spanwise confining 
dy 

OU ov , 

boundaries ( 2=0 and A) are 

The blockage ratio employed in the present work, being in the range 10-12.5% was 
quite small. Accordingly the flow dynamics in the wake was found to be insensitive 
sirlfl wall cnnditioTis. 


• Inflow plane: The inflow plane has also been modeled separately for two- and three- 
dimensional computations. 

Two-dimensional Computations: u=u{y) {u{y) will assume the appropriate func- 
tional form corresponding to the inlet being (i) uniform (ii) fully developed and (iii) 
uniform transverse shear), u=0. 

Three-dimensional Computations: u=u{y, z) (for the present study u{y, 2)=1.0 has 
been employed), t;=u;=0. 

The uniform velocity inflow condition is well-suited when the data needs to be com- 
pared with wind or water tunnel experiments. The fuUy developed boundary con- 
dition has two advantages: (1) boundary-layers that form on the confining channel 
walls in developing flow need not be resolved and (2) when the obstacle is removed 
the flow is fully developed everywhere thus ascertaining that the disturbances are 
related to the cylinder alone. Sheared velocity profiles are commonly used to assess 
the sensitivity of the wak;e profiles to external factors that may be encountered in 
applications. 


• Exit: There is no unique prescription for the outflow conditions. The idea is to 
have specifications that would not affect the flow in the upstream. To this end, the 
following boundary conditions proposed by Orlanski (1976) has been used: 


dui 


dt 


dui 
’’ dx 


+ = 0 


where «c) the convective velocity is the celerity of vortices leaving the outflow plane. 


A (X)nstant value of Uc— 0.6-0.8 has been used in all calculations reported in the 
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present thesis. It has been found that the instantajieous flow is undisturbed by the 
different values of the Uc within the specifled range. 

• Obstacle: No-slip boundary conditions (u=v=w=0) are used for the velocities on 
the obstacle surface. 

No pressure boundary conditions have been used in the present thesis as the stag- 
gered grid which eliminates the pressure node on the boundaries has been used. 

3.3 Reynolds-averaged Navier-Stokes Equations 

At high Reynolds numbers, three-dimensional random turbulent fluctuations of velocity 
and pressure axe superimposed on the unsteady periodic motion of the wake. The random 
motion represents small scales of turbulence and can be described by a stochastic model. 
Thus, in the wake of a bluff-body, the time varying component (for example, 

velocity and pressure) may be expressed as a combination of a global mean component 
^(x,), a periodic component and a random component <f>''(x{,t) (Hussain, 1983). 

This can be expressed mathematically as 

(l){xi,t) = ^(xi) + <^(x,-, t) + ^"(x,-,t) = 4>{xi) + <l>'{xi,t) = {4>){xi,t) + (f>"{xi,t) (3.7) 

where (<^)(x,-,t) refers to a phase-averaged quantity. Based on this idea, one can adopt 
the following viewpoint (Bosch and Rodi, 1996): The Reynolds-averaged Navier-Stokes 
equations determine the phase-averaged velocity and pressiue (quantities inside ’( )’ in 

Equation 3.7). The eddy viscosity arising from the Boussinesq approximation can now be 
associated with the random fluctuations (quantities marked by " in Equation 3.7). The 
eddy viscosity in turn can be determined by the transport equations: one for the turbulent 
energy level k and one for the rate of energy dissipation e. This scheme has come to be 
called the k-c family of models. 

There are various high Reynolds number versions of the k-e model to determine 
the eddy viscosity and the Reynolds stress tensor {ui'u/'). AH these models relate eddy 
viscosity (ut) to turbtilent kinetic energy (k) and the rate of dissipation (e). Once the 
eddy viscosity is determined, the stress tensor is evaluated from Boussinesq s 

hypothesis as: 

{u/'u/') = (u,) 


djui) d{uj) 
dxj dxi 


Imi 


(3.8) 
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3.3.1 Phase-averaged flow equations 


At high Reynolds numbers, the wake of a square cylinder can be visualized as the su- 
perposition of the three-dimensional (3D) turbulent fluctuations over a two-dimensional 
(2D) flow field. This can also be viewed as a three-dimensional unsteady periodic flow 
field. An instantaneous quantity (f> can, therefore, be described by the summation of the 
phase-averaged value and the stochastic fluctuation as expressed in Equation 3.7. Assum- 
ing incompressible flow, the phase-averaged continuity and momentum equations can be 
deri¥ed to be (Boscb and Rodi (1996)) 


d{ui) ^ i 

dt dxj p dxi dxj 


V 


d{ui) 

dxj 



(3.10) 


To enforce the closure, the Reynolds stress tensor {ui'u") in the momentum equations 
is to be suitably modeled. A rational route that facilitates computation is to use Equa- 
tion 3.8 along with a k-t model for eddy viscosity. 


3.3.2 k-e family of turbulence models 

Two-equation models are among the most popular turbulence models for scientific and 
engineering calculations. In these models, two separate transport equations are solved 
to determine the length and velocity scales of turbulence. By doing so, the necessity to 
specify the length scale in an adhoc manner as in the case of mixing layer model is avoided. 
One of the most widely used two-equation models is the k-t model (Launder and Spalding, 
1974). The two separate transport equations in this model are equations for turbulent 
kinetic energy, k and the turbulent dissipation rate, e. The length and time scales are 
calculated using the turbulent kinetic energy and the turbulent dissipation rate and the 
turbulent or eddy viscosity is obtained as a function of these two turbulent quantities. 
The turbulent kinetic energy k and the turbulent dissipation rate t are obtained by solving 
the modeled trmisport equations. 

In the pr^ent thesis, three high Reynolds number versions of the two-equations 
model have been used to determine the Reynolds stress tensor {ui'u"). All three models 
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use the eddy-viscosity concept to relate the eddy viscosity (z/j) to turbulent kinetic energy 
(k) and the rate of dissipation (e). The three models used are standard k-e (Launder and 
Spalding, 1974), Kato-Launder modified k-e (Kato and Launder, 1993) (hereafter referred 
as KaLa) and RNG k-e (Yakhot and Orszag, 1986; YaJkhot et al., 1992). In the standard 
k-e model, the transport equations for (k) and (e) are 


d{k) ^ 


dt 


dxi 
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dxi 


(z/f) (k) 
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+ ft - {^) 
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where the production term is 
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(3.12) 


{k) 


d{ui) ^ d{uj) 


t2 


dxi 
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The KaLa model is similar to the standard k-e, except that the turbulence production 
term in Equation 3.13 is replaced by 


Pk = c^{e)sa, n = 


(k) 
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\d{ui) 

d{uM 

N2 

dxj 

dxi 


(3.14) 


The quantity Q, is related to the average rotation of a fluid element. In simple shear flow 
situations, S and Cl are equal. However, in stagnation flows, fl=0 and S >0. This leads 
to the desired reduction of the production of kinetic energy. This has an important effect 
of lowering eddy viscosity around the cyhnder and permitting vortices to be shed from it. 

In RNG k-e model, Pk is given by Equation 3.13 and Equation 3.12 is augmented 
on the right hand side by an extra strain-rate term R, given by 
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where, the quantity rj is given by 
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(3.16) 


The eddy viscosity (ut) for the standard k-e and KaLa models is determined from the 
expression 


(i/t) — pC^ 
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(3.17) 
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Table 3.1: Constants for the k-e family of turbulent models 


Models 

C, 


^2 

<^k 


/^O 

Vo 

standard k-e 
and KaLa model 

0.09 

1.44 

1.92 

1.0 

1.3 

- 

- 

RNG k-e 
model 

0.0845 

1.42 

1-68 

0.7179 

0.7179 

0.012 

4.38 


For the RNG k-e, the eddy viscosity expression is 


{^i) = 


V 


1 + 



(3.18) 


The empirical model constaats for each of the models appearing in Equations 3.11-3.18 
are given in Table-3.1 


The numerical solution of the k-e equations requires initial and boundary conditions 
to be prescribed for k and e. Uniform average axial and vanishing transverse velocity 
have been used as the initial conditions. The corresponding initial conditions for k and e 
have been set equal to the respective inflow values. The boundary conditions have been 
applied as follows. The turbulence intensity (/=\/(uJ^/2)/uav) is prescribed at the inlet 
to be 10%. For ail the computations, the eddy viscosity is specified as {ut)lu=l^ at the 
inflow plane (Bosch and Rodi, 1996). The value of (e) is specified using Equation 3.17 
or 3.18. The wall function treatment has been used at all the solid boundaries for the 
standard k-e and the KaLa models. During the wail function treatment, the first set of 
grid points from the wail were seen to fail in the range of 10 < <30. In contrast, no 

such treatment has been adopted for the RNG k-e model. The RNG k-e model has been 
tested on finer grid sizes in order to see the effect of avoiding the wall function treatment. 
It was found that the time-averaged drag coefficient changed by less than 1.5% for the 
fin^t grid used, justifying that the wail function treatment is not necessary for RNG k-e 
model. At the outlet, the convective boundary condition due to Orlanski (1976) has been 
used. This condition may be stated as 


dt 


M 

'dx 


+ = 0 


where, / can take the values of u,-, k and e, the convective velocity Ug being the streamwise 
celerity of the vortices leaving the outflow plane. 
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3.4 Method of Solution 


Distinct problems taken up for numerical simulation are; 

1. Low Reynolds number, two- and three-dimensional unsteady flow (40<Re<800) 

2. High Reynolds number, two-dimensional turbulent flow with RANS (Re=21400) 

3. High Reynolds number, three-dimensional turbulent model-free computation 
(Re=21400) 


The governing differential equations in each case have been solved on a staggered grid 
by using a modified version of the MAC algorithm of Harlow and Welch (1965) (also see 
Hoffman and Benocci, 1994). The important factor in the choice of the spatial differencing 
strategy is the formal order of accuracy. The order of accuracy has to be balanced against 
the global conservation properties of the numerical scheme. The order of accuracy relates 
the accuracy of the solution whereas the conservative property improves the stability of 
the scheme. 

The Adams-Bashforth scheme having second order accuracy in time has been used 
for time advancement. Diffusion terms have been approximated by second order central 
difference. The pressure gradient terms have been discretized using backward differenc- 
ing. The nonlinear acceleration terms for the three problems referred above have been 
approximated by: 

1. Second order central difference for low Reynolds number flow calculation. 

2. Hybrid upwinding difference providing 15% weightage to upwinding in a space- 
central scheme to eliminate the oscillations associated with the central differencing 
for the two-dimensional RANS calculation. 

3. Third order upwind difference by Kawamura et al. (1986) for two- as well as three- 
dimensional low and high Reynolds number calculations. This particular scheme 
takes care of the dissipative effect of the small scales by the proper drainage of the 
energy from the large scale to the small scale through its inherent in-built diffusion. 
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When the flow is incompressible, pressure and velocity are to be solved simultane- 
ously, since the pressure field has to be compatible with the continuity equation. This 
has been implemented by a two-step procedure, consisting of (a) a predictor step using 
current values of pressure (p”) that is fully explicit, and (b) a corrector step in which the 
correction to velocity and pressure are obtained by ensuring compatibility with the con- 
tinuity equation. An explicit second order in time, Adams-Bashforth differencing scheme 
has been used for the time advancement of the convection and diffusion terms for each 
case. The complete numerical algorithm is summarized below. 


The momentum equation is written using as a space operator, G containing the 
convection and diffusion terms as 


dui 

'm 


G(ui,uj)- 


dp 

dxi 


( 3 . 19 ) 


Thus the predictor step for the time advancement takes the form 
u* - uf 


6t 


^ 1 f)r)^ 


This is followed by the corrector step 

dn*. 


25t' 


1 1 
+ 
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The final solution for velocity and pressure axe given as 


( 3 . 20 ) 


( 3 . 21 ) 


pn+i ^ + p (3.22) 

„?+! ^ < + ( 3 . 23 ) 

The corrector step is solved by point-wise Gauss-Seidel iterations with Tq as an over- 
relaxation factor to accelerate the pressure correction process. A typical value of Tq used 
in all the simulations is 1.8. 


3.4.1 Grid system 


The computational domain is divided into a set of rectangular cells and a staggered grid 
arrangOTient is used such that the velocity components are defined at the center of the 
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cell faces to which they are normal (Figure 3.1). The pressure is defined at the center 
of the cell. In such an arrangement, pressure difference between two adjacent cells is the 
driving force for the velocity component located between the interface of these cells. The 
pressure field will accept a reasonable pressure distribution only for a correct velocity 
field. Another important advantage of such a grid system is that transport rates across 
the faces of the control volumes can be computed without explicit interpolation of velocity 
components. 



Figure 3.2: Typical nonuniform grid. 


Two-dimensional simulations have been carried out on both uniform as well as 
nonuniform grids. However, all the three-dimensional simulations have been reported 
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for grids that are nonuniform on the horizontal plane [x-y plane). In three-dimensional 
simulation, uniform grids have been deployed in the spanwise direction. The grids are 
clustered near the obstacle and stretched by a specified percentage increase away from the 
surface of the cylinder. One such grid on the two-dimensional plane is illustrated in Fig- 
ure 3.2. Grid independence study has been discussed in Chapter-5 for each configuration 
studied. 


3.4.2 Numerical stability 


For accuracy, the mesh size must be chosen small enough to resolve the expected spatial 
variations in all the dependent variables. Once a mesh has been chosen, the conditions 
on the time step necessary to prevent numerical instabilities are determined from the 
combination of Courant-Friedrichs-Lewy (CFL) condition and the restriction on the grid 
Fourier number. According to the CFL condition, the distance the fluid travels in one 
time increment must be less than one space increment. This leads to a constraint on the 
time step in the form 


St < 


Sx Sy 5z 

.RR’R 


(3.24) 


When the viscous diffusion terms are important, the condition necessary to ensure stability 
is dictated by the restriction on the grid Fourier number, and can be shown to be 


Ref {Sxf{5yf{Szf 1 

2 \ {Sxy -f {Syy -h (Szy j 


(3.25) 


The final time step for each time advancement is the rmnnnum of the values obtained 
from Equations (3.24) and (3.25). 


3.5 Computational Issues 


The flow past a squaxe cylinder is primarily unsteady in nature. The time step is restricted 
by two different factors. One is based on the numerical stability and the other is the 
physical time scale involved with the flow. Therefore, all the computations were run for 
a long time to have adequate signal length to compute the flow statistics. This enabled 
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the analysis of both the time-averaged and phase-averaged quantities. The total time for 
which any computation was carried out was dictated by the requirement of the problem of 
interest. For example, to get phase-averaged and random components of turbulent flow, 
the computations took about two months of CPU time on a 233MHz and 192MB RAM 
DEC-ALPHA machine for a Reynolds number of 21400 and grid size of 240 x 130 x 32. The 
CPU time per time step depends on many different factors, namely dimensionality of the 
problem, Reynolds number, grid size and time step. The typical CPU times per time step 
for two-dimensional and three-dimensional computation for a Reynolds number of 400 
with a nondimensional time step of 0.008 axe 0.7 and 7 minutes respectively on a 233MHz 
and 192MB RAM DEC- ALPHA machine. Similarly the time taken for the high Reynolds 
number (Re=21400) three-dimensional computation for a grid mesh of 240x130x32 is 
about 10 minutes on a SUN ULTRA 300MHz and IGB RAM machine^. 

The code employed in the present work was validated against the results cited in 
the literature. The parameter used for comparison axe the time-averaged values of drag 
and lift coefficients, their fluctuations and the Strouhal number. For a grid independent 
solution, the differences between the numerical predictions and the experiments were 
found to be small. The code validation exercise has been taken up separately for each 
problem and is discussed in Chapter-5. 


^The compute servers used for the present study were of different makes, namely SUN and DEC- 
ALPHA, 125 and 233MHz. The relative speeds of these machines may be taken as 3:1:2, though the 
fastest machine, namely SUN only had limited availability. 



Chapter 4 


Apparatus and Instrumentation 


Experiments at low and high Reynolds numbers have been reported in the present study. 
The respective experiments were carried out in two different setups. These are described 
below. 


4.1 Apparatus 


XNTTC't 

'Zib.n 128608 


Two different test cells have been constructed in this study to simulate flow past a square 
cylinder under laboratory conditions. One has been used to study the wake of the square 
cylinder at low Reynolds numbers and the other at high Reynolds number turbulent 
conditions. The test cells have been designed to achieve the required flow and temperature 
conditions with minimum power consumption and at the smallest possible cost. The two 
important design parameters of the test cells are the cross-sectional area and length. 
The aim of the design was to produce the required flow pattern within the test section 
that is undisturbed by unwanted external factors. Figure 4.1 shows three-dimensional 
views of the two test cells. Figure 4.2 shows the respective photographs along with 
instruments. The important components of the test cells are; (i) Entrance cone containing 
honeycomb and Alter (ii) Development section (iii) Measurement section (iv) Passive 
protection section (v) Blower including speed control and (vi) Traversing mechanism. 


The function of the honeycomb is to straighten the flow by damping the transverse 
components of velocity, and to reduce the turbulence level by suppressing the turbulence 
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1. 

Honeycomb Section 1 

2. 

Entrance Cone 

3 . 

Measurement Section 

4 . 

Diverging Adaptor 

5 . 

Fan 

6. 

Traversing Mechanism 

7 . 

Screen 


(b) 

Figure 4.1: Test cells for (a) low {cross-section: 10 cm x 5 cm) and (b) high (cross-section: 
40 cm X 40 cm) Reynolds numbers. 
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(c) 


Figure 4.2: Photographs: (a) small test cell (b) instruments and (c) large test cell 
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scales that are larger than the size of a honeycomb cell. The filters are used to suppress 
the small disturbemces generated at the outlet tips of the honeycomb. The entrance cone 
has two parts, namely the settling chamber and contraction cone upstream of the working 
section. It reduces the spatial irregularities considerably in the velocity distribution and 
helps in the decay of turbulence intensity present in the upstream by proper stretching 
of the smaller vortices. The flow development section is used to manipulate the flow 
condition ahead of the measurement section. 

The measurement section for the smaller test cell (Figure 4.1(a)) has a cross-section 
of 10 cm x5 cm and a length of 60 cm. The cross-section of the larger test cell (Fig- 
ure 4.1(b)) is 40 cmx40 cm and an active test section of 3 m. Each wind tunnel has 
been provided with a narrow slot on the top of the meeisurement section to incorporate 
the hotwire probes. Proper care has been taken to ensure minimal disturbance caused by 
these slots. The measurement section of the larger test cell has a divergence angle of 4° 
to account for the boundary layer growth. Measurements showed that the pressure across 
the test sections was fairly constant. 

A long passive section has been included with each test cell after the measurement 
section. The specific purpose of this section is to protect the measurement section from 
disturbances originating from the blower. This also helps in increasing the overall resis- 
tance of the test cell, thus producing stable low velocities. 

The flow in both the test cells has been achieved through the use of the suction side 
of appropriate blowers. For the smaller test cell, velocity was changed with the help of a 
voltage stabilizer and a variac. The velocity variation during an experiment running for a 
duration of three hours was within ±0.5%. However, the speed control of the larger test 
cell was achieved properly through an electronically controlled speed regulator having a 
maximum variation of ±1 RPM. The corresponding velocity variation was found to be 
within ±0.05%. The maximum turbulence level for undisturbed conditions were 0.3% and 
0.01% for the small and the large test cells respectively. The velocity profiles were uniform 
to within 4% and 0.5% over 90% of the cross section of the inflow sections of the smaller 
and big test cell respectively. Flow parallelism in the large test cell was particularly better 
than 95% due to very thin boundary layers. 

An important accessory during measurements is the traversing mechanism. The 
traversing mechanism as used in the present experiments was designed to have three 
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orthogonal manually-controlled movements. The accuracy of the transverse motions was 
±0.1 mm, through a vernier arrangement, and ± 0.5 mm for movement in the streamwise 
direction. 


4.2 Review of Instrumentation 


Experimental research in fluid mechanics has produced a great deal of innovation. Con- 
sequently a great number of methods, instruments and techniques are presently available. 
Most of these methods and instruments have been developed for measuring velocities in 
flows that are either laminax or assumed to be laminar. In fact only a few are suitable for 
making measurements in turbulent flows. 

The major problems in measuring any complex turbulent flow are caused by the fact 
that turbulence is a random three-dimensional flow field. The wide range of frequency 
components makes it very difficult for a measuring instrument to satisfy the basic require- 
ment that the recordings must be as free from amplitude attenuation and distortion of 
phase. This continues to be a challenge in present-day experiments in turbulent flows. 

Broad classification of the vaxious techniques and instruments available shows two 
major groups, namely (i) Imaging techniques and (ii) Intrusive methods. These are briefly 
reviewed below. 


4.2.1 Imaging techniques 


In this group, a tracer is introduced into the fluid to make the flow visible to a detecting 
apparatus outside the flow field. The most important advantage of this method is that a 
mechanical probe disturbing the flow can be avoided and the measurement is thus non- 
intrusive. Rapid changes occurring in turbulent flows with time and space require highly 
resolved measurement through instantaneous recordings. Application of photographic 
methods in measurement of turbulent flows is confronted with the difficulties of taking 
snaps at very short intervals. The three-dimensionality of the turbulent motions makes 
the interpretation of these recordings very difficult. Use of advanced signal processing and 
three-dimensional reconstruction algorithms will improve the efficiency of interpretation 
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techniques but the volume of data to be recorded is large. Simultaneous measurement of 
various flow properties is another difficulty associated with imaging techniques. One such 
technique in wide use is Particle Image Velocimetry (PIV). 


Particle Image Velocimetry (PIV) measures the motion of small, marked regions of 
a fluid by observing the locations of the images of the markers at two or more times. This 
method returns to the fundamental definition of velocity and estimates the local velocity 


Ui from 


^x(^t3 t) 


^Xi{x{, t) 

At 


where Ax* is the displacement of a marker, located at Xi at time t , over a short interval At 
separating observations of the marker images. As this technique involves recording of flow 
frames at different times, it demands a good image capturing and processing unit. The 
light source generally used is pulsed laser. Like LDV, this technique also require seeding 
to illuminate the flow with proper tracer particles. The advantages of this technique are 
(i) the instantaneous information of the whole flow field is possible (ii) the use of Fourier 
transform based postprocessing helps the data reduction to be rapid. On the other hand 
the limitations are (i) it cannot be used where tracer-injection is not possible and (ii) the 
frequency response is not high enough for turbulent flow. 


Recent developments in digital image processing have made it possible to measure 
an instantaneous vector distribution in three-dimensional space. Several researchers have 
been successful in using this particular method. Nishino and Kasagi (1989) has done 
measurements in turbulent channel flow and found excellent agreement with direct nu- 
merical simulation. In an another work, Kasagi and Matsunaga (1995) has reported a 
three-dimensional study of flow past a backward facing step using PIV. Brede et al. (1996) 
have studied flow past a circular cylinder using PIV. 


Though not an imaging technique, it is appropriate to mention laser Doppler ve- 
locimetry (LDV) here, since it is radiation based and is hence non-intrusive. LDV is the 
measurement of fluid velocities by detecting the Doppler frequency shift of laser light that 
has been scattered by small particles moving with the fluid (Goldstein, 1997). This par- 
ticular technique demands the seeding of the flowing fluid to induce scattering and thus 
creating a frequency shift. It can measure velocity in both isothermal and nonisothermal 
flows. The frequency shift is independent of fluid temperature and is a major advantage 
over a thermal transducer. Other advantages of LDV are: (i) ease of operation, (ii) non- 
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intrusive nature, (iii) good sensitivity at low and high velocities, (iv) linearity in operation, 
(v) good positional accuracy and (vi) ability to detect reverse flows. The limitations of 
the LDV are (i) cost, (ii) limited frequency response and (iii) lack of robustness. Early 
measurements using LDV have been reported by Goldstein and Kreid (1967) for laminar 
flow of water in a square duct. Other researchers in past have used LDV in their study 
of turbulent flow (George and Lumley, 1973; Buchave et ai, 1979; Heist and Gouldin, 
1997). In recent years, LDV has been used for the velocity measurements in complex 
flows such as flow past a square cylinder (Durao et ai, 1988; Lyn et ai, 1995), where 
unsteady reversed flows are encountered. 


4.2.2 Intrusive methods 

Here, the probe is a detecting element introduced into the fluid, and the flow quantities 
including turbulent fluctuations are measured by noting the changes in the mechanical, 
electrical or chemical properties of the element. There are a number of requirements that 
must be satisfied by the detecting element in the context of turbulent flow. These are: 

• The detecting element must be small so that it causes only a small disturbance to 
the flow pattern. 

• The instantaneous velocity distribution must be uniform in the region occupied 
by the element. This means that the detecting element must be smaller than the 
dimensions of the smallest eddies of the turbulence. 

• The time constant of the probe must be low, so that response to even the most 
rapid fluctuations is practically instantaneous. 

• The measurement system that monitors the state of the probe must be sufEciently 
sensitive to record small fluctuations. 

• The measurement system must be stable, so that no noticeable change occurs in the 
calibration parameters during at least one test run. 

The hotwire anemometer is an example of an intrusive technique whose applica- 
tion for measuring turbulent flow has far outstripped other instruments. The hotwire 
anemometer measures both fluid velocity and temperature by sensing the changes in heat 
transfer from a small, electrically heated wire exposed to the fluid motion. This sensor is 
small in size and coupled with a feedback circuit, it has a very high frequency response. 
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Its popularity for making turbulence measurements is understandable since it satisfies all 
the above-mentioned requirements. It has certain limitations since (i) it is not suitable 
for very small velocities unless proper attention is given for calibration (ii) it is insensitive 
to the direction of velocity (iii) for velocity measurement, a constant fluid temperature is 
essential (iv) it is difficult to use because it is fragile and sensitive to contamination and 
(vi) the calibration, as a rule is nonlinear. 

Hotwire experiments have been reported in the present thesis. HWA is thus de- 
scribed in detail in the following section. 


4.3 Hotwire Anemometry 


.4 hotwire anemometer responds primarily to the velocity magnitude and is based on the 
principle of heat transfer. Hence for using a single sensor hotwire anemometer, the flow 
direction must be known. If three sensors of the hotwire are arranged in such a way 
that they provide independent output signals, the three components of velocity can be 
measured and the velocity vector can be determined. In a two-dimensional turbulent flow, 
a two sensor hotwire, known as crosswire, can measure two components of velocity and 
velocity fluctuations. The velocity measured by each wire is different from the component 
of velocity along laboratory coordinates. The velocity sensed by each wire is known as 
the effective cooling velocity. 

In two-dimensional measurements, calculation of velocity components involves solv- 
ing a pair of nonhnear simultaneous equations. Velocity measurements in varying tem- 
perature flows require special calibration. Thus the accuracy of hotwire measurements is 
affected by the accuracy of the calibration procedure and that of solution procedure that 
is used to solve the nonhneaj simultaneous equations. The calibration methodology is 
discussed in detail in the present section. 

The hotwire is basically a thermal transducer. Simply stated, its principle of oper- 
ation is as follows. An electric current is passed through a fine filament (5 yum diameter 
and 1.25 mm length), which is exposed to cross flow. As the fluid velocity or temperature 
varies, the heat transfer from the filament varies. This in turn causes a variation in the 
heat b^ance of the filament. The filament is made from platinum coated tungsten, tung- 
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sten having a high temperature-coefficient of resistance. The variation of resistance is 
monitored by a feedback circuit which passes additional current till the wire temperature 
becomes a constant independent of the flow velocity or temperature. This temperature 
is usually much higher than the room temperature and is typically 150-200° C in air flow 
measurements. Higher temperature enhances the sensitivity of wire but makes the wire 
fragile. The output of the feedback circuit is a measure of the fluid velocity and tempera- 
ture. The hotwire and feedback circuit combination is referred as a Constant Temperature 
Anemometer (CTA). 

4.3.1 Convective principles governing the operation of a 
hotwire 

The operation of a hotwire can be explained in terms of convective heat transfer from 
fine wires. With the assumption of uniform radial temperature distribution within a fine 
wire, the thermal equilibrium of the wire placed in a fluid gives the following heat balance 
relation. 


He + K = (4.1) 

where He — hAr{T^ ~'^f) i® convective heat loss from the wire, K is its change in 
internal energy, and is the Joule heating of the wire. 

The nomenclature employed is: 

Ar is the area of hotwire per unit length, m^, 
h is the convective heat transfer coefficient, W K~^ ni“^, 
is the temperature of wire, K, 

Tf is the temperature of fluid, K, 
i is the current flowing through wire, amp, and 
Ru, is the resistance of wire, ohm. 


One can write, 

K = mC.^ (4.2) 

at 

where m is the mass of wire per unit length, kg/m, 
is the specific heat of the wire material, J kg ^ 
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The differential equation governing this convective heat transfer process is 

mC^^ + ArhiT^-Tf)-i^R^ = 0 (4.3) 

at 

The variable of primary interest in hotwire anemometry is the convective heat transfer 
coefficient, h. The rate of change of internal energy is practically zero for CTA mode of 
operation of the hotwire. This gives 

He = 2TrKfl{T^-Tj)l^n (4.4) 

where, Nu = ^ is the Nusselt number, 

A/ ^ 

is the sensor diameter, 

Kf is the thermal conductivity of iuid and 
21 is the length of sensitive area of hotwire. 

The general expression for forced convection Nusselt number in the case of incom- 
pressible flow is given by, 

Nu = /(Re,Pr,ai,Gr,Ma, 7 , ct, 2Z/d,i;,iif//iiru,) (4.5) 

r r J 

where. Re = is the Reynolds number, 

Ue is the effective cooling velocity, 

1 / is the kinematic viscosity of fluid, 

Pr is the Prandtl number, 

Qi is the angle between freestream flow direction and normal to wire, 

Gr is the Grashof number, 

Ma is the Mach number, 

7 = Cjc„ 

Cp is the specific heat of fluid at constant pressure, 

Cy is the specific heat of fluid at constant volume, 

cj = {Tyj — Tf) ITj Is the temperature loading or overheat ratio. 

Kyj, Kf are the thermal conductivities of wire and fluid respectively. 

Fortunately, most applications permit a significant reduction in the number of pa- 
rameters that must be included. The reasons are: 


1. Forced convection parallel to the wire is small. 
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2. Pr depends only on fluid properties, and buoyancy efiiects can be neglected for 
GrPr<Re^. Thus, for velocities of air greater than 5.2 cm/s, buoyancy eff^ects can 
be neglected. 

3. For low density and low velocities, Mach nxunber is negligibly small and Cp and Cy 
can be assumed to be constant. 

The general equation governing the operation of the hotwire can be simplified to: 

Nu = /(Re, Ur) (4.6) 

In isothermal flows measurements Equation 4.6 can be further simplified as 

Nu = /(Re) (4.7) 

Analytical derivation of the functionality between Nu, Re and is diflScult. A 
simplified analytical solution of Equation 4.7 shows that a power law relation is generally 
valid. The exponent depends on geometric and physical properties of the wire and phys- 
ical properties of the fluid. An empirical correlation derived using individual {in situ) 
calibration of wire is generally recommended in hotwire applications. 

4.3.2 Review of correlations for heat transfer from thin wires 

The relationship known as King’s law (Bruun, 1995) that permits a significant reduction 
in the number of parameters is as follows: 

Nu = -h S',Re°-® (4.8) 

where A' and are empirical constants, usually determined by calibration. 

Collis and Williams (1959) suggested an accurate formula for Nusselt number which 
accounts for the change in properties of the fluid. Their formula can be stated as 

(4.9) 

The constants in the above formula are to be evaluated from the calibration of the wire 
at different velocities and temperatures. Typical values of the constants for commercial 
probes used in air are: 


Nu = (Ac 4- jBcR®") 


1 + 


ax 
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Ac = 0.24, Be = 0.56 and n — 0.45 for 0.02 < Re < 44. 

Ac = 0.00, Be = 0.48 and n = 0.57 for 44 < Re < 140. 


Koch and Gartshore (1970) suggested a different formula. 


Nu 



4 + RcRe" 


(4.10) 


where = 0.24, = 0.56, n = 0.45 and a = 0.67. The correlations given 

above are in terms of non-dimensional parameters. It is convenient to work in dimensional 
form as 


Rv,{T^-Tf) 



( 4 . 11 ) 


where E is the voltage output of the hotwire. 


Collis and Williams (1959), Koch and Gartshore (1970), Davies and Fisher (1964) 
and Bearman (1971) suggested widely differing values for these constants of the calibration 
surface given by Equation 4.10. The constants depend on the l/d ratio of the wire, wire 
material and fluid properties. The choice of the numerical scheme, number of calibration 
points and range of velocities also affect the overall accuracy of the calibration procedure. 
The need to generate flows at different velocities and temperatures for calibration is also a 
source of error. As a result, the overall accuracy of calibration for non-isothermal problems 
have been reported in the range 90-95%, implying an error of 5-10%. 

HoUasch and Gebhaxt (1972) have suggested an indirect method which does not 
require imiform flows of different velocities and temperatures, but is valid primarily at 
low velocities. This method has been extended in the present work and the calibration 
errors are seen to be less than 1% for a wider range of velocities and temperatures. 

Two different calibration techniques which are accurate and suitable for measure- 
ments in turbulence are described here. 


4.3.3 Calibration methodology 

Calibration of a hotwire probe involves two major steps, namely data generation and curve 
fitting. Calibration data is generated by measuring the output of the anemometer when 
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the probe is subjected to a flow with known velocity. Specially designed apparatus are used 
to generate high quality flow with uniform velocity, temperature and very low turbulence 
level (< 0.1%). DANTEC Instruments supply such calibration equipment. However, a 
test cell which can produce good quality flow can also be used. This apparatus should be 
able to produce uniform flow with adjustable velocity. The hotwire probe to be calibrated 
is kept firmly in the calibration apparatus such that the direction of velocity of uniform 
flow is normal to the wire. The flow should be steady. The output of the wire is noted at 
zero flow and successively at various velocities. The calibration data should be repeatable 
with very low scatter. 

In the present study, calibration has been performed in the larger test cell (Sec- 
tion 4.1) itself due to its high quality inflow. 

4.3.4 Isothermal calibration of hotwire 

DISA hotwire equipment uses a Hnearizer card (56 N 21) which produces a voltage signal 
directly proportional to the fluid velocity. The mathematical form of the calibration data 
used by this card is; 

y = IQA.+B,x+E.y ^ 

Here Aa, Hj, Cc, Di and are calibration constants. The constants are selected to give 
a fluid velocity equal to 10 m/s for a wire output of 10 Volts. In Equation 4.12, y is the 
linearizer output equal to the normalized velocity defined as, 

y=10xj^ (4.13) 

^max 


and X is normalized voltage defined as, 

X = 10 X 


V- Vo 


VoJ 


(4.14) 


where Vq is the output of the wire measured at zero velocity and Knax measured at the 
maximum velocity Umax- 


Though the linearizer was not used, its btiilt-in formula has been used as the calibra- 
tion curve in the present work. The constants Aa, BiyCo Dd and Ee have been obtained 
by means of iterative least square error approach. 
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The least square method is applied as follows: For any calibration point (a:,-, i/i), 
Equation 4.12 will produce an error (f>i given by 

4>i = yi - + CcXi + E>i] . (4.15) 

The least square approach requires the sum of errors at all calibration points be a mini- 
mum, that is, 


i-1 t=l 

'dAa~lBb~ dCc" dDd~ BE, ~ 


(4.16) 

(4.17) 


Equation 4.17 can be used iteratively to calculate Aa, Bbi 0^ Di and Eg The cali- 
bration strategy described above has been extensively tested by Subbarao (1995). 


4.3.5 Explicit non-real time signal analysis 

For a single sensor hotwire normal to the flow with its prongs parallel to the flow, the 
definition of the effective cooling velocity is unambiguous and is equal to the flow velocity. 
For measurements in two-dimensions, the contribution to the heat loss by the component 
of velocity along the wire must be included. A crosswire sensor is designed for use in 
two-dimensional flow measurements. Each wire is separately calibrated and corresponding 
calibration curve and constants are evaluated. Substitution of the output of the wire in its 
calibration curve gives the effective cooling velocity sensed by the wire. The components of 
velocity can be resolved into two components, one normal to the wires and another parallel 
to them. The effect of cooling by other two components of the velocity is accounted for by 
a sensitivity coefficient Kt- Experiments of Butler and Wanger (1982) and many others 
suggested Kt to be in the range from 0.1 to 0.25. The value Kx=0.20 has been found to 
be an optimum in the literature (Perry, 1982). The effective cooling velocity sensed by 
each wire is defined as 

Kf = V^ + K^VS (4.18) 


where Vg is the effective cooling velocity, Vjv is the velocity component normal to the wire, 
Vx is the velocity component tangential to the wire. Measurement of two-dimensional 




Figure 4.3: Crosswire probe and velocity components. 


flows involves calculation of components of velocity in laboratory coordinates. Many 
techniques are available to calculate these components from knowm effective cooling ve- 
locities. 

Chew and Simpson (1988) have proposed an explicit non-real time method of reduc- 
ing triple sensor hotwire anemometer data to obtain the three mean velocity components 
and six Reynolds stresses in three-dimensional flow. This method does not require in- 
stantaneous signal to the calculate the parameters referred above. This method has been 
applied to a two-wire probe in the present study. 

With reference to Figure 4.3, for wire 1 the normal velocity component Vjv is 
{u cosa — V sino:) and the tangential velocity component Vr is {u sina + v cosa). The 
heat transfer coeflicient associated with each velocity component is different. Hence the 
effective velocities Vi and V 2 sensed by wire 1 and wdre 2 are written as, 

vf = j^(«cosa — nsina)^ + (lisina + ucosQ!)^j (4-19) 

V 2 = [(ttsino: -f- ucosa)^ -b (ucosa — nsinQ;)^j (4.20) 

Generally crosswires are manufactured with the angle between "wires 2 q; = 90°. With 
a = 45° above equations can be simplified as 

= 5 + (** + '')'] (4-21) 

vl = + + (4.22) 

The factor Kt takes into account the differences in the heat transfer coefficient 
between cross flow and parallel flow. Let and Vy = Substituting in 
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Equations 4.21 and 4.22, we get 


..2 


= vl + K^vl 

(4.23) 

= vl-^KWy 

(4.24) 

[ 4.24 gives, 


= aiv\ + 02^2 

, (4.25) 

= hivl + b2vl 

(4.26) 

-K^ 



where czi — 62 — sud <12 — — T—K^ 

Any variable in the above equations can be split into a mean and a fluctuating part as v 
= V + v'. Splitting all variables in Equations 4.25 and 4.26 and time averaging gives 


Let 


+ = a,{V^ + vf)+,,,[Vi + v?) 

= b,{V,^+W}+h(vi+W) 


Kl = a,V,^ + <‘2Vi 
Vi = + 

via = aiv^ + a2V^ 

= biVi+b2V^ 


Then 


vlo + V^-V, 


n/2 

— ^xO 

? = ^+VyO-y: 


(4.27) 

(4.28) 

(4.29) 

(4.30) 

(4.31) 

(4.32) 

(4.33) 

(4.34) 


11/2 


Rewrite Equations 4.27 and 4.28 as 

14 + Uj, = + 2aiViv[ + 2a2V2V2 + Oiv'^ + 02 ^ 2 ^] 

T Uy = + 2biViv[ + 262V2U2 + biv^ + 62^^] ^ 

Expanding in a binomial series, taking time mean and neglecting terms higher than v'"^ 
gives 

a? 


(4.35) 

(4.36) 


K = K 


xO 


1 + 




2W, 8VS 


xOj 


(4,37) 
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Here, 


Similarly, 


where 


Ko = \JaiVi + 02 


^lo = + 02^? 


= 


4 E E 

t=l,2i=l,2 


K 


yo 


1 + 


Jio ^ 

2v;^ 8y^ 


= yJhiV^ + hVi 

V^Q = + 62 


CT” 


4 E E 

t*=l,2i=l,2 


(4.38) 


The product of and can be calculated using the expression, 

[Ei.1,2 E,-=i,2 0 .!>i {v?vf + k-"^F + W + 4 K-v;'S!SJ) - v^v; - vjif 

4KV, 


v'v. 


x~y 


(4.39) 


The velocity components in laboratory coordinates U and V and turbulence quanti- 
ties Urmsi Vrms and u'v' can now be calculated from the above variables using the following 
formulae. 


U 

y 


K + K 

x/2 

V2 


Ul 


v^+v^ + 2v'^v'y 


v^ + v^- 2v‘^v'y 


and 


Vx-'^y 


(4.40) 

(4.41) 

(4.42) 

(4.43) 


2 


(4.44) 
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The method mentioned above does not require equipment to collect instantaneous 
signals, but involves complex mathematical equations. This method requires measurement 
of mean output of wire 1 and 2, namely Vi and Vj, RMS values of their fluctuations 
Ui rm, and U 2 and the cross product Inaccurate measurement of these turbulent 
quantities will produce imaginary numbers owing to the square root sign. 


4.4 Measurement of Drag and Vortex Shedding 
Frequency 


Mean velocity profile across the wake, distribution of the streamwise momentum, and the 
loss of momentum axe three important parameters that describe the mean flow structure 
of the near- wake. In the present work, the momentum loss in the near-wake has been mea- 
sured and a dimensionless drag coefficient has been calculated. The procedure is analogous 
to measurement of drag using the Wake Survey Method. Generally this method is used 
to calculate drag coefficient from the velocity profiles measured at positions where there 
is no static pressure variation across the walce. But in the case of a square cylinder, the 
static pressure variations have been observed even at twenty cylinder width downstream 
of the cylinder. Therefore, it is necessary to consider the static pressure variation in the 
calculations. The drag coefficient is then given by the formula 


C. 


f {pu{y){Ua - u{y)) + Ap)dy 

J oo 


0.5pU^B 


(4.45) 


where u{y) is the velocity profile in the wake, Ua is the approach velocity, B is the cylinder 
width and Ap is the static pressure drop between the freestream and the point under 
consideration. The integrals in Equation 4.45 are evaluated numerically. 

The frequency of vortex shedding has been measured with the help of the Spectrum 
analyzer. The point at which the frequency is determined is at an offset of half-width 
of the cylinder from the wake centreline. Proper care has been taken to ensure that the 
hotwire does not ant as a control rod which can suppress or enhance the shedding. To 
avoid confusion, different locations have been examined and the final location has be«n 
selected from the spectra having the sharpest peak with minimal noise. 
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4.5 List of Instruments 


Details of instrumentation used with the hotwire equipment are discussed in the present 
section. 


DANTEC CTA Bridge and Accessories 

The DANTEC model 56 C 17 CTA has been used in the present study. The main imit 
56 C 01 CTA delivers the servo-voltage as the output of the instrument. This voltage is 
a measure of the fluid velocity. The feed-back circuit of the CTA plays an important role 
in improving the frequency response of the hotwire from about lOOHz to 10 kHz. 

The 56 C 01 CTA contains a function switch with three modes for operation, namely 
TEMP, STD. BY and FLOW. In TEMP position the resistance of the connected probe 
can be measured in terms of a current supplied to it. In STD. BY position no current flows 
through the bridge. In FLOW setting the CTA starts operating with the function of the 
servo amplifier. A setting named BRIDGE AD J enables the adjustment of bridge balance 
for measurement of probe resistance and the setting of the desired overheat resistance. 
This BRIDGE ADJ has a pair of switches for coarse adjustment of the overheat resistance, 
and a screw for fine adjustment. Resistance can be varied between 0 and 30 ohm in steps of 
0.001 ohm. This adjustment is crucial for setting the overheat resistance for the calibration 
procedure. CTA in TEMP mode produces a voltage proportional to the resistance of the 
wire. 


The mean-value unit 56 N 22 is a 5.5 digit display voltmeter. The primary purpose of 
this module is to measure the DC component of the output signal from 56 C 01 CTA. This 
module has 100 //volt resolution, 1-1000 seconds integration time and switch selectable 
14 inputs. The module 56 N 23 (Analog Processing Unit) is a signal processing module 
for using with the two 56 C 01 CTA modules. The 56 N 23 APU allows the addition and 
subtraction of two input signals as well as the calculation of derivative with a \ariable 
time step. The 56 N 20 signal conditioner amplifies and filters AC output signals from 
56 C 01 CTA. It contains low-pass and high-pass filters which can filter the signal in the 
required range of frequencies. 56 N 20 signal conditioner can selectively amplify the input 
signals with gain factors ranging from 1 to 900. This amplification is very important in 
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the measurement of temperature signals. 

In the present work, three 56 C 01 CTA modules which make a 3-channel CTA have 
been used. Each channel has a separate 56 N 20 signal conditioner and one 56 N 23 APU 
for a pair of wires. A 3-wire probe can be connected to this setup and outputs of 3 wires 
can be meaisured simultaneously. Only 2-wire measurements axe reported in this work. 
56 N 22 module has been used to measure the mean voltage output of each channel with 
an integration time constant of 100-1000 seconds. The signal conditioner was set to AC 
mode with the mean removed from the instantaneous voltage signal. RMS values and 
other statistics have been measured from long signal traces with a digital oscilloscope and 
a spectrum analyzer respectively. 

Digital Oscilloscope 

A Gould 1602 two channel digital storage oscilloscope with a sampling speed of 20 Msam/s 
and an operating frequency range of 0-20 MHz has been used in this work. This can 
operate both in storage and non-storage mode. It has advanced features such as menu 
controlled memory, acquisition/trigger menu and optional features like GPIB (IEEE 488) 
and RS423 input/output ports for external control by a host computer. A Gould waveform 
processor 460 provides enhanced measurements and trace processing. 

The oscilloscope can acquire very long signal containing data points as many as 
10240, simultaneously from two channels. This facility can be used to collect simultane- 
ously long signals of both the components of velocity fluctuations. This oscilloscope with 
the waveform processor does on-line calculation of rms values of signals in storage mode. 
This facility was used to measure separately the rms values of the cross-wire outputs. 


Spectrum Analyzer 


The ADVANTEST R 9211 E is a digital spectrum analyzer that is based on FFT. Wide 
band as well as high sensitivity measurements can be performed in the frequency range 
of 10 mHz-lOOkHz, and input voltage range of 1^ voltsxms - 31.6 voltsms- Time-area 
analysis, frequency analysis, frequency r^ponse, time-frequency analysis and function 
measurement are available in the analyzer. 
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The analyzer has four different modes of operation. The waveform and spectrum 
modes are generally used in the turbulence measurement. In waveform mode the spectrum 
analyzer does on-line measurement of the time signal, histograms (PDF), autocorrelation 
and ciosscorrelation functions. In spectrum mode it measures the power spectrum and the 
complex: spectrum. The analyzer has two single ended/differential input channels. The 
analyzer also has multiscreen function through which upto four screens can be selected 
simultaneously. It has different menus such as Math, Setup, Device and Copy. The Math 
menu does arithmetic operations between two arrays and integration and differentiation 
of an array. This facihty can be used for the measurement of average of product of the 
two- wire signals (as in the case of Reynolds shear stress). The device rnenu operates the 
floppy drive and the GPIB connections. All traces shown on the screen can be stored on a 
floppy processed when required. This facility has helped in collecting a large volume 
of data. 


The spectrum analyzer has been used mainly for data collection, ensemble averag- 
ing and determination of statistics. Instantaneous traces of statistics can be ensemble 
averaged. The averaged spectra, PDF, correlation functions can be transferred to a PC 
through a GPIB interface. 


Digital Multimeter 


The HP 345 7 A is a versatile digital multimeter. It can measure DC voltage, AC voltage, 
AC and DC current and the Resistance. In addition, the HP 345 7 A has a reading and 
prograim storage and is capable of mahing fast measurements. The HP 3457’s math 
operatio»iis manipulate or modify a measured reading before it is displayed. In addition, 
there is another operation, namely STAT. The STAT operation performs five running 
calculations on the present series of measurements and stores the results. It evaluates the 
standard deviation, mean, number of samples, upper reading and lower reading. These 
facilities can be used to measure mean temperature and the RMS value of the temperature 
fluctuations. 
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4.6 Uncertainty Analysis 

In a classical sense, it was not possible to repeat precisely identical experiments, mainly 
due to establishing identical velocity and ambient temperatures. Instead, the approach 
adopted was to perform the experiments at a nearby Reynolds number, approximately 
10% away from the desired value. The two sets of data were then compared in terms of 
dimensionless velocity and velocity fluctuations. The agreement between two the two sets 
was found to be very good. In this sense, the results reported in the present work have a 
high degree of repeatability. The extent of repeatability of data over a Reynolds number 
range of 8700-17625 was found to be ±5% in time-averaged quantities and ±10% in rms 
quantities, (95% Cl). This is discussed in Chapter-5. 

It is necessary to comment on the sources of error in every measurements. These 
errors can arise due to (i) positional accuracy in locating the probe (ii) drift in electronics 
and consequent errors in voltage measurements (iii) errors in calibration data and inad- 
equate compensation for room temperature (iv) inadequate signal length and sampling 
rate and (v) errors associated with neglecting the spanwise component of velocity during 
data reduction. While due care has been taken to minimize errors (i)-(iv), the fifth source 
of error is likely to cause large localized deviation from numerical predictions. However, 
Ong and Wallace (1996) have shown two-dimensionality of the near-wake of a circular 
cylinder at a Reynolds number of 3900. In light of these results the measurements of the 
present study can be taken as qualitatively meaningful. 



Chapter 5 


Results and Discussion 


The overall features of bluff body wakes have been investigated extensively in the past. 
Within limits required for engineering design, the predictions of quantities such as the lift 
and drag coefficient and the Strouhal number axe quite satisfactory. Both numerical mod- 
eling and experiments yield meaningful data in this regard. There are new technological 
applications where it has become imperative to understand the nuances of the flow field. 
Disparities between the theory and the experiments and xmcertainties in predictions sig- 
nificantly increase when this next level of detail is explored. The largest uncertainties are 
associated with each of the local instantaneous flow property. Between these two levels 
of detail, certain broad conclusions however can be drawn by examining other attributes 
of the flow structures. The spirit of the present work conforms to this idea, namely a 
complex time dependent field can be analyzed in terms of measures that preserve several 
of the flow complexities without averaging them. 

Results obtained in the present research can be categorized as (1) temporal and 
spatial evolution of the wahe at low Re 3 molds numbers, (2) wake characteristics at high 
Reynolds number and (3) hotwire measurements at low and high Reynolds numbers. 
Results for (1) and (2) have been obtained from numerical computation. The related code 
validation and grid independence studies have been reported in the respective sections. 
The results obtained in the present work have been organized in the following manner: 


Low Reynolds number 


• Transition and diaos in a two-dimensional wahe 
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• Three-dimensional study of low Reynolds number flow 

• Vortex structures and kinetic energy budget in two-dimensional flow 

• Comparison of two- and three-dimensional models in low Reynolds number 

transitional flow 

• Influence of inlet shear on the structure of wake 
High Reynolds number 

• Numerical study of the partially enclosed turbulent unsteady wake using RANS 

• Model-free computation of high Reynolds number turbulent flow 
Experiments 

• Experimental study at low and high Reynolds numbers 


5.1 Transition and Chaos in a Two-Dimensional 
Wake 


In the present section, the wcike of the square cylinder has been analyzed using the Direct 
Numerical Simulation (DNS). The Reynolds number range considered here is 40 - 800. The 
calculations have been carried out in two-dimensions. Consequently, transition to three- 
dimensionality in the physical problem leads to the appearance of additional harmonics 
in the numerical simulation. One can expect three-dimensionality of real flow fields to 
alter the critical Reynolds numbers but not the route to chaos. 

The transition scenario of the wake of the square cylinder has been analyzed through 
different characterization tools applied to velocity traces. These tools are the spectra, 
autocorrelation functions, time-delay reconstructions, Poincare maps, Lyapunov exponent 
and fractal dimension. Calculations have been carried out over a range of Reynolds 
numbers starting from a steady field, leading finally to a chaotic state of the flow. The 
issue of the flow topology and its relationship to transition and chaos is addressed. The 
effect of mesh refinement and time step on the transition have been taken into account 
to ascertain that the chaos observed in the present analysis has a physical and not a 
numerical basis. The pr^ent study can be viewed as an extension of an earlier work of 
Guzman and Amon (1996) to flow past a square cylinder. 
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Table 5.1.1: Grid Independence Test 


Re 

Grid size 

Cd 

Cl 

Cd 

Cl' 

600 

218 X 104 

2.27 

0.020 

0.576 

1.35 


436 X 208 

2.35 

0.016 

0.586 

1.49 


The two-dimensional geometry (shown in Figure 1.3) for the present analysis heis 
the following dimensions: La=6.0, L=26.0, H=10.0 and B=1.0. For computation, the flow 
domain is divided into a number of rectangular cells with a nonuniform mesh throughout 
the domain. The grid is clustered near the cylinder and then increased in geometric 
proportion away from it. At the inlet, the streamwise velocity profile is taken as uniform. 
No-slip boundary conditions have been used at all the solid walls. Free-slip boundary 
conditions have been applied over the two confining surfaces. The Orlanski boundary 
conditions (Orlanski, 1976) have been applied on the outflow plane. 

The convective terms have been discretized using a second order central differencing 
scheme. The order of discretization dictates the accuracy of the solution whereas global 
energy conservation indicates the stability of the time-marching scheme. A more accurate 
spatial differencing could have been used. However, most higher-order schemes axe not 
energy conserving (Kawamura et al., 1986). Hence, a second order accuracy in space and 
time has been accepted to be an optimum choice for the present application. To avoid the 
spurious oscillations associated with central difference of the nonlineax terms, fine grids 
have been used in the simulation. 

The accuracy of a numerical simulation depends on the resolution of the length and 
time scales associated with the physical problem. The grid resolution should be such that 
it can properly resolve the smallest length scale of the flow field. In the present work 
the grid independence study has been caxried out to see the effect of grids on the time- 
averaged and rms values of the lift and drag coefficients. For the grid independence study, 
two different grid sizes, namely 218x104 and 436 x 208 have been tested for a Reynolds 
number of 600. This is the highest Reynolds number employed in the present work. The 
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Table 5.1.2; Comparison of Drag and Strouhal Number of the Present Study with Pub- 
lished Results 


Re 

Drag Co efficient, C £> 

Strouhal Number, S 


^resent^ 

(numerical) 

Davis 
ei al? 
(1984) 
(numerical) 

Franke 
tt al.^ 
(1990) 
(numerical) 

Present^ 

(numerical) 

Davis 
et al? 
(1984) 
(numericsJ) 

Franke 
et al.^ 
(1990) 
(numerical) 

Okajima'^ 

(1982) 

(experimental) 

100 

1.51 

1.55 


- 

0.159 

0.154 

- 

0.141-0.145 

200 

1.67 

* 


1.65 

0.163 

- 

0.157 

0.138-0.145 

250 

1.77 

1.77 1 


1.72 

0.142 

0.165 

0.141 

0.139-0.143 

300 

1.89 

- 


1.89 

0.146 

- 

0.130 

0.137-0.139 

400 

1 Til 

2.21 

1.88 


- 

0.167 

0.159 

- 

0.129-0.135 


' Blockage (B/H) is 10% ^ Blockage (B/H) is 0% ^ Bi^^ljage (B/H) is 8.3% ^ Blockage (B/H) is 0% 


comparison of the lift and drag forces computed on these two different grid sizes is listed 
in Table-5.1.i_ The maximum discrepancy in the time-averaged and rms values of drag 
coefficients are 3.4% and 1.7% respectively. The rms values of the lift coefficients on the 
two grids differed by 9.4%. Discrepancies at lower Reynolds number can be expected to be 
smaller. Most computations in the present work have been carried out with the grid size 
of 218x104. The rms value of the lift coefficient is a stringent criterion for establishing 
grid independence at higher Reynolds numbers. The discrepancy reported above is thus 
not a cause for concern. The effect of grids and the time step on the transition scenario 
has also been studied and reported in a later section. 

The computations have also been conducted for two different time steps, namely 
0.0075 and 0.004. These two time steps showed no changes in the time-averaged as well 
ms values of the lift and drag coefficients. Finally a time step of 0.0075 has been 
^ for all the computations. The computations were started with different initial 
ions corresponding to zero and uniform flow conditions. The flow field was seen to 
converge to the same asymptotic state for each of the initial conditions. 

'~Ph 

6 computer code has been validated through comparison with numerical as well as 
experimental results over the Reynolds number range of 100 - 400. Table-5.1.2 shows the 
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comparison of the present computation with those of Davis et al. (1984), Okajima (1982) 
and Franke et al. (1990). The present results match well with Davis et al. (1984). How- 
ever, the comparison with the experiments is not as good, probably due to the following 
reasons, (i) The experiments have a high inlet turbulence (0.5% in Okajima, 1982). This 
is totally absent in the numerical simulation. Experiments show that the Strouhal number 
decreases with the increase in inlet turbulence level (Lee, 1975). This trend is consistent 
with the data of Table-5.1.2. For example, at a Reynolds number of 400, the Strouhal 
number of 0.129-0.135 reported by Okajima (1982) is less than the numerically determined 
value of 0.167. (ii) The present study introduces a finite blockage effect through the free 
slip boundary condition on the side walls. Davis et al. (1984) have shown that there 
is an increase in the drag coefficient and Strouhal number with the increase in blockage 
ratio, B/H. For example, their results show that at a Reynolds number of 250, the drag 
coefficient and Strouhal number are 1.77 and 0.165 for zero blockage and 1.79 and 0.177 
for a 16.67% blockage. The respective values in the present work are 1.77 and 0.142, 
the latter being larger than 0.139-0.143 reported by Okajima (1982). Thus the numerical 
results of the present study are in overall agreement with the published literature. 


5.1.1 Analysis of data 

Earlier studies of chaos exhibited by a nonlinear dynamical system were facilitated by the 
fact that the mathematical formulation led to a system of ordinary differential equations. 
The problem could then be analyzed through qualitative phase-space techniques. This 
simplification is not available for fluid flow problems. The governing equations, namely 
the Navier-Stokes equations are nonlinear PDE’s. An exact solution of these equations is 
possible only under restrictive conditions and this generally corresponds to non-chaotic 
flows. Realistic configurations can only be numerically studied on a prescribed mesh. 
Consequently, the analysis of chaos is based on time series recorded during time marching 
of the numerical algorithm, at selected nodes of the mesh. 

When the time series approach is adopted, the physical signal can be taken as the 
streamwise or transverse velocity component, or the instantaneous drag and lift signals. 
Simultaneously, any one point in the wake could form the basis of analysis. In the present 
study, it was observed that the transverse component of velocity resembled the lift signal. 
Similarly, the streamwise velocity showed similarity to the drag signal. In general, the 
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transverse velocity signal appeared to be less noisy compared to the streamwise com- 
ponent. However, a close examination showed their individual routes to chaos to be 
practically identical. Results in the present work have been derived using long signal 
lengths of the transverse velocity. The analysis is based on the long-time behaviour of the 
time series, i.e the initial transient has been eliminated from consideration. The signals 
analyzed have been collected at a station x=2A2 along the wake centreline (y=0). Signals 
over the near-wake (x<5) were found to yield identical routes to chaos. 


ss-j- — p H- — Qp H 

^ FLj- j. C 

__I LJ I 1 1 1— 

f / \ \ \ \ \ 

45 210 218 325 375 500 600 ^ 


SS: Steady state QP: Quasi-periodic 

P: Periodic FL: Frequency locking 

C: Chaotic 


Figure 5.1.1: Schematic diagram of transition scenario in the wake of a square cylinder. 


Based on the numerical solution of the unsteady Navier-Stokes equations, identifi- 
cation of transition and onset of chaos in the near-wake of a square cylinder are presented 
below. The transition characteristics discussed below are specific to the geometry of in- 
terest. One can expect the critical points to shift with changes in the blockage ratio as 
well as the side wall boundary conditions. 

Numerical results show that upto a Reynolds number of 40, the flow is steady 
laminar with twin vortices contained in the recirculation bubble attached to the rear 
side of the cylinder. For Reynolds number greater than 45, the flow experiences the 
first Hopf bifurcation leading to a weU defined periodicity in the wake. The separated 
shear layers roll up to become unstable, detach and the vortices are shed downstream. 
The flow remmns periodic with a unique frequency upto a Reynolds number of 210. At 
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a Reynolds number of 218, the flow shows quasi-periodicity with two incommensurate 
frequencies following the second Hopf bifurcation. Subsequent frequencies seen in the 
velocity spectra are linear combination of these two frequencies. The frequency-locking 
mode, where the frequency ratio is a constant (=0.5) has been identified in the Reynolds 
number range of 325 - 375. The flow goes to a chaotic state probably after the third Hopf 
bifurcation. It was not easily detectable at Reynolds numbers after the flow comes out of 
the frequency-locking mode. Hence the onset of chaos is expected to occur in the range 
of Reynolds numbers 500 - 600. The transition scenario numerically determined in the 
present study has been summarized through a schematic diagram in Figure 5.1.1. 

The transitions talcing place in the wake of the square cylinder are explored in 
greater detail below. Results have been presented imder the following heads: (1) Quali- 
tative characterization of the wake dynamics (2) Analysis of chaos through quantitative 
characterization (3) Instantaneous flow field and (4) Influence of grid size on the chaotic 
flow. 


5.1.2 Qualitative characterization of the wake dynamics 

In the present study, the characterization of the wake has been carried out qualitatively 
in terms of the power spectra, autocorrelation function, time-delay reconstruction and 
the Poincare section. The qualitative analysis allows one to visualise the unpredictable 
nature of the chaotic flow. The topology of the attractor emerges from the tools such as 
the Poincare section. Quantification of chaos has been reported through the Lyapunov 
exponent and the fractal dimension. These parameters assist in a closer prediction of the 
onset to chaos, the persistence of chaotic flow regimes and the long term unpredictability 
of the chaotic flow. 


5. 1.2.1 Power spectra 

The time-evolution of the wake has been recorded in the form of velocity signals at selected 
points in the near- wake and the instantaneous lift and drag acting on the cyhnder. It 
should be noted that the statistical characteristics of the signal were quite similar at all 
points in the near- wake (0<i<5). The point chosen for discussion was one that gave 
the greatest clarity. Between the streamwise and transverse components of velocities, the 
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former was found to be noisy even when selected peaks were clearly visible. Hence, the 
present analysis has been carried out primarily using the transverse component of velocity 
at a selected point on the wake centreline of the cylinder. The FFT algorithm has been 
used to calculate the power spectra of the time series of the velocity and the forces. The 
number of data points used for the present study is 2^^ with a time step of 0.0075. This 
corresponds to a minimum frequency of 4.069x10“°^, a maximum frequency of 133.33 
and a resolution of 4.069 in dimensionless form. All frequencies seen in the wake 

were well within this range. Specifically, all calculations were carried out over at least 40 
cycles of the dominant harmonic component. 

Initial segments of the velocity signals at the different Reynolds numbers in the wake 
are shown in Figure 5.1.2. The corresponding spectra have been shown in Figures 5.1.3(a- 
e). It is quite evident that at a Reynolds number of 210 (Figure 5.1.3(a)), the flow is truly 
periodic in nature with a single dominant frequency, fi- At a Reynolds number of 218 
(Figure 5.1.3(b)), quasi-periodicity sets in with an additional frequency, /a and the finear 
combination (mi/i±m 2 / 2 , integer mi and m 2 ) of /i and /2 also being present. The number 
of frequencies which are linear combinations of the two frequencies fi and /2 increases with 
the increase in Reynolds number in the quasi-periodic regime. This particular feature is 
evidenced through the Figure 5.1.3(c) (Re=300). Values of the primary as well as derived 
frequencies are marked in Figure 5.1.3. 

Figure 5.1.3(d) shows the transition to the frequency-locking mode at a Reynolds 
number of 325. The ratio / 2//1 for the geometry of interest is 0.5. Because of the 
locking phenomenon, all additional frequencies are (mi ± 1712 / 2 ! fi) times the dominant 
frequency, thus resulting in a discrete spectrum. The appearance of frequency-locking 
means that the strength of the nonlinear interaction between the two frequencies /i and 
/2 are strong enough to create frequencies of observable spectral peaks. At a Reynolds 
number of 600 (Figure 5.1.3(e)), the flow is seen to have gone beyond quasi-periodicity 
and frequency-locking. The spectrum is still not broad-band, but is continuous around the 
peak frequencies. Other measures discussed later show the flow to have become chaotic 
at this Reynolds number. 

The wake of the square cyhnder is thus seen to follow the quasi-periodic/frequency- 
locking route to chaos. This is analogous to transitions in the wake of a circular cyhn- 
der (Vittori and Blondeaux, 1993) as well as the periodic converging-diverging channel 
(Guzman and Amon, 1996). The route to chaos for a square cylinder is further investi- 
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Figure 5.1.3 : Traasver.,^ , , . 

Re=325 and (e) Re^^^gOO TK Re=210 (b) Re=218 (c) Re=300 (d) 

number. Th& irregulo^ ' spectra show increase in peaks with increasing Reynolds 
ajid becomes^ becomes organized in (d) due to frequency locking 

(e) as a result of chaotic nature at this Reynolds number. 






5.1 Transition and Chaos in a Two-Dimensional Wake 83 



Figure 5.1.4: Variation of the fundamental frequency ratio (/ 2 // 1 ) cls function of Reynolds 
number. The frequency ratio drops to a constant value of 0.5 where frequencies get locked 
in the Reynolds number range of 325 - 375 and subsequently drop with Reynolds number. 

gated below. The qucisi-periodicity route to chaos can manifest in one of the following 
forms (Gollub and Benson, 1980) 

1. Steady — >• Unsteady — > torus (two frequency quasi-periodicity) — > Chaos 

2. Steady — Unsteady — > torus (two-frequency quasi-periodicity) — > torus 

(three-frequency quasi-periodicity) — ^ Chaos 

3. Steady — > Unsteady — > torus (three-frequency quasi-periodicity) — ¥ Chaos 

The torus is formed in the phase-space when the two independent frequencies axe in- 
commensurate in nature. This requires that the ratios /a/ /i, / 3//1 3Jid fzl f 2 3^6 irrational 
and vary continuously with the control parameter (Berge ct o/., 1986), the Reynolds num- 
ber, in the present application. The two frequencies are said to be incommensurate at all 
time sequences other than the frequency-locked regime if the ratio of /2 and fi decreases 
smoothly with the increase in Rejmolds number. Hence the spectra in Figures 5.1.3(b-c) 
correspond to a quasi-periodic motion. 
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Figure 5.1.4 shows the variation of the frequency ratio (/ 2 / /i) with Reynolds num- 
ber. Quasi-periodicity starts at a Reynolds number of 218 but the frequency-locking 
phenomenon occurs at a Reynolds number of 325. With the increase in Reynolds num- 
ber beyond a value of 218, the ratio decreases until it reaches the plateau at which the 
frequencies get locked. This locked frequency ratio (/ 2 // 1 ) is 1/2 in Figure 5.1.4. The 
frequency-locking phenomenon is sustained upto a Reynolds number of 375. With the 
further increase in Reynolds number the ratio decreases again and the system goes to 
a chaotic state as seen in Figure 5.L3(e). The three-frequency quasi-periodicity route 
to chaos has not been detected in the present simulation. The detection of the third 
frequency is difficult. Before the system goes to a chaotic state, the third frequency is 
generated when the system contains a large number of harmonics. Therefore, detecting 
the third frequency among the harmonics involves a large uncertainty. 

5.1. 2.2 Autocorrelation functions 

The autocorrelation function, A(r) is a useful tool to analyze fluid motion in the time 
domain. It is a measure of the maximum time upto which the flow is correlated with 
itself. If the fluid motion is organized, the correlation function is finite for a longer time 
j. e., one can accurately predict the fluid motion within this time frame with prescribed 
conditions for fluid velocity at an arbitrary initial instant of time. For a periodic signal, 
A{T) is periodic and for a chaotic signal A{T) tends to zero. Thus one cannot predict the 
future motion of the particle, for T>T,, where T, is a measure of the time during which 
the motion is correlated with itseE Chaos can be said to arise beyond the time T^. The 
autocorrelation function is defined as 

A{T) = 

v{tf 

Here overbar denotes the ensemble average of the product of the instantaneous signals v{t) 

and its time shifted form + T) (both with zero mean). This average can be calculated 

as 

v{t)v{t + T) = ^li^ Y v{t)v{t T)dt 

In practice, it is evaluated using Fourier transforms. The autocorrelation function 
obtained from the time series of the transverse velocity signal for different Reynolds 
numbers are shown in Figure 5.1.5. Figure 5.1.5(a) shows the autocorrelation function 
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Figure 5.1.5: Autocorrelation function A{T) of the transverse velocity components: (a) 
Re=210 (b) Re=325 and (c) Re=600. The periodic nature of autocorrelation function 
shows that the wake has only one frequency. The smaller value of autocorrelation function 
at a Reynolds number of 600 signifies that the wake is chaotic in nature. 
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at the Reynolds number of 210 when the wake is periodic with one dominant frequency. 
The autocorrelation function at a Reynolds number of 325 (Figure 5.1.5(b)) also shows 
periodicity since at this Reynolds number the flow gets frequency-locked. For a Reynolds 
000, the autocorrelation function tends to become small rapidly, but persists 
with small amplitude fluctuations for a sufflciently larger time lag (Figure 5.1.5(c)). The 
flow can now be classified as chaotic. 


5.1. 2.3 Time-delay phase-space representation 

Phase-space representation is a convenient option available to distinguish between peri- 
odic, quasi-periodic and chaotic phenomena. Continuous systems have a particular dif- 
ficulty in constructing the phase-space. This is because of the absence of the knowledge 
of the precise number of dependent variables, i.e the number of degrees of freedom in 
which the phase-space trajectory is to be represented. From an experimental view point, 
simultaneous measurement of several dependent variables can be dijG&cult. In contrast, 
extensive information can be obtained for a single dependent variable with accuracy and 
adequate signal length. A higher dimensional phase-space can be constructed from the 
time series using the procedure of time-delay reconstruction. This phase-space contains 
information that is equivalent to the original and is based on the independent degrees of 
freedom of the system (Baker and GoUub, 1996). 

In the present work, the signal recorded is the transverse velocity v{t), a scalar 
time series. It is now possible to define a vector series whose components are (u(f), v(t -|- 
r),...i;(t -1- (m — 1 )t)). The equivalence between the original and the reconstructed 
phase-spaces can be stated as follows: If the system attractor in the original full phase- 
space is n dimensional, then the m dimensional reconstructed attractor will have the 
same invariant properties, e.g, fractal dimensions or Lyapunov exponents for all m over 
a minimum value that is not greater than 2n-\-l (Takens, 1981). For the equivalence 
to be complete, the time-delay r and the embedding dimension m need to be properly 
selected. The reconstructed phase-space will be insensitive to this parameter if the time 
series is infinitely long, is free of noise and has a adequate temporal resolution (Guzman 
and Amon, 1996). In the present work the time series had a length of 2^® to 2^® points 
with fairly small time steps. Hence the time-delay could have been arbitrarily chosen. 
However, in the calculation the time-delay was adjusted till the geometric properties of 
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the phase-space attained convergence. Results presented in this section are based on 
a time-delay of r=0.585; identical results were seen when the time-delay was increased 
to r=1.17. Results were computed with m=2 and m=3 corresponding to the two- and 
three-dimensional reconstructed phase-spaces. The pattern that emerged led to identical 
conclusions for the onset of chaos. Hence, results for m=3 alone have been discussed 
below. 

The reconstructed phase-space based on time-delay reconstruction is shown in Fig- 
ure 5.1.6. The three different axes of the phase-space corresponds to u(t), v{t r) and 
v{t -1- 2t). Figure 5.1.6(a) is at a Reynolds number of 210 and clearly shows a limit cycle 
representing periodic flow. The orbit of the attractor is unique and represents the pe- 
riodic nature of the flow. At a Reynolds number of 218, the flow is quasi-periodic and 
the attractor surface is deformed. This is shown in Figure 5.1.6(b). The surface 'has a 
shape of a torus. The deformed shape of the attractor can be attributed to the fact 
that the quasi-periodic attractor is a superposition of two inconunensurate fundamental 
frequencies along with their harmonics (sub- and super-harmonics). At a Reynolds num- 
ber of 325 (Figure 5.1.6(c)), the attractor becomes more organized and closed owing to 
the frequency-locking phenomenon. The orbits form a closed loop which confirms the 
locking of the two fundamental frequencies in the ratio (/ 2 // 1 ) of 0.5. With an increase 
in the Reynolds number to 600, the attractor becomes disorganized and the pattern seen 
in the frequency-locking regime is completely disturbed. The possibility of appearance of 
a strange attractor is explored in the subsequent sections. The orbits do not follow any 
particular trajectory as in the periodic and quasi-periodic regime. 


5. 1.2.4 Poincare section 

The phase-space diagram in dimensions higher than three may be needed for a detailed 
study of chaos. As discussed above, this can be a complicated task. A Poincare section 
can be used to simplify the phase-space diagram of systems having higher degrees of free- 
dom. This device enables one to study a system by reducing the phase-space dimensions 
systematically. This is accomplished by converting a continuous-time evolution into a 
discrete-time mapping. The reduced attractor is two-dimensional and is not identical 
to the original attractor. It preserves however the topological properties of the original 
attractor from which it has been generated (Berge et al, 1986). 
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The Poincare section has been constructed from the time series of velocity by sam- 
pling the signal stroboscopically at a particular frequency (Berge et a/., 1986). With this 
approach the same time signal that has been used earlier to qualify chaos cam be utilized. 
The state vectors F(ts)={u(is), v{ts + r)} are generated and this is similar to the phase- 
space reconstruction, the only difference being the sampling time. With the above state 
vectors, the trajectory of the pseudo phase-space is constructed with the variables 
v{ts + '^)5 ^s}- The Poincare section is then determined by the successive points of inter- 
section between the trajectory and a plane perpendicular to the axis at equal intervals of 
time Ts=Tk/4:, where Tk is the fundamental time period of the system corresponding to 
the dominant frequency. 

The Poincare section is to be determined with a stroboscopic period equal to the 
time period of the system (Guzman and Amon, 1996; Berge et ai, 1986). However, in 
a quasi-periodic state, the fundamental frequency associated with the flow changes as 
the control parameter is varied. Therefore, for a quasi-periodic flow, the stroboscopic 
period is taken equal to the fundamental period appropriate for the Reynolds number 
employed (Guzman and Amon, 1996). As a result, even the Poincare section in the 
periodic state gives a closed trajectory in the place of a point attractor. In the present 
study, a stroboscopic period equal to one quarter of the fundamental period in the quasi- 
periodic regime has been chosen. A stroboscopic period equal to the fundamental one 
was also found to give a similar Poincare section. The number of points in the time series 
needed for accurate representation of the Poincare section was found to be 40000 to 50000. 

Figures 5.1.7(a-e) depict the Poincare sections corresponding to Reynolds numbers in 
the range of 210 - 600. The periodic solution at a Reynolds number of 210 (Figure 5.1.7(a)) 
shows a well-organized closed curve. The quasi-periodic flows (Re=218, Figure 5.1.7(b) 
and Re=300, Figure 5.1.7(c)) show the trajectory points within the pseudophase space 
and intercept the section at different locations in an organized manner. The pseudophase 
space is densely covered due to the additional frequencies which are a linear combination 
of the two incommensurate frequencies fi and fi and these intersections of the section are 
boxmded. But at a Reynolds number of 325 (Figure 5.1.7(d)), the intersection points on 
the Poincare section take a well organized pattern owing to frequency-locking of the flow 
at this Reynolds number. This particular behaviour of the interceptions on the Poincare 
section is related to the commensurate frequency ratio. With further increase in Reynolds 
number (Figure 5.1.7(e)) the organized behaviour of the Poincare section breaks down. 
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Pigi^e 5-1.7: Poincare section of the transverse velocity component: (a) Re=210 (b) 

^ and (e) Re=600. The closed orbit in (a) at a Reynolds 

° periodic wake whereas the total spreading of the attractor at a Reynolds 

^ shows chaotic nature. The frequency locked situation is revealed by 

the orgam^ attractor at a Reynolds number of 325 in (d) with respect to a Reynolds 
number of 300 in (c) at which the wake shows quasi-periodicity. 
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and shows signs of the flow entering the chaotic regime. 


5.1.3 Analysis of chaos through quantitative parameters 


The quantitative analysis of the wake carried out by calculating the Lyapunov exponents 
and the fractal dimensions are reported below. 


5. 1.3.1 Lyapunov exponents 


The spectrum of Lyapunov exponents is the most complete possible characterisation of 
the geometric properties of an attractor and the dynamical properties of the flow. This is 
because of its relationship to the fractal dimension of the attractor and the entropy of the 
system. The Lyapunov exponents (A;) axe measures of the long-time average exponential 
growth or decay of infinitesimal perturbations to a phase-space trajectory. In operational 
terms, these exponents measure the divergence of two neighbouring states on the time- 
axis and hence the sensitivity of the system to the initial condition. The number of 
Lyapunov exponents equals the number of independent phase-space dimensions. Negative 
Lyapunov exponents correspond to the decay of perturbations towards the attractor. 
On the other hand the positive Lyapunov exponents imply exponential growth of any 
infinitesimal perturbations on the attractor leading to the chaotic (strange) attractor. 
With a given set of ordered Lyapunov exponents Ai > A 2 > A 3 . . . , the attractor having 
all negative exponents implies a fixed point attractor while the attractor with all negative 
value but one with zero implies a limit cycle or periodic attractor. An attraotor having 
one positive Lyapunov exponent is termed as a chaotic attractor. The sign and the 
number of the Lyapunov exponents thus give detailed information about an attractor. 
Specifically, the attractor for quasi-periodic flow having four exponents may exhibit the 
following behaviour (Berge et cL, 1986): 


1 . quasi-periodic regimes with three frequencies 

2 . quasi-periodic regimes with two frequencies 

3. periodic regimes with one frequency 

4. chaotic regime 


( 0 , 0 , 0 ,-) 
( 0 , 0 ,-,-) 
( 0 ,-.-,-) 
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A positive Lyapunov exponent indicates that there is a direction on the attractor in 
which perturbations will grow exponentially fast. Here the attractor is bounded within 
the phase-space, but it is not possible to predict the state of the system at any arbitrary 
future time instant due to the unavoidable growth of uncertainty. 

Different algorithms have been developed to calculate Lyapunov exponents (Wolf 
et al, 1985; Eckmann et ai, 1986; Vastano and Moser, 1991; Keefe et a/., 1992). In 
the present study, the algorithm proposed by Wolf et ai (1985) to calculate the largest 
positive Lyapunov exponent out of the time series data, has been implemented. Extensive 
trials with different embedding dimensions were carried out to find the reliable one for the 
calculation of the Lyapunov exponent. The trials with higher dimensions led to similar 
qualitative behaviour and quantitative differences greater than ±8% were not seen at any 
Reynolds number. 

Figure 5.1.8 shows the time variation of the Lyapunov exponents at different Reynolds 
numbers. The number of points used in the time series for each of the Reynolds numbers 
is of the order of 60000. As discussed earher, a zero value of the Lyapunov exponent 
has been obtained for non-chaotic flows upto a Reynolds number of 500. The Poincare 
section however showed the presence of a strange attractor at a Reynolds number of 500. 
At a Reynolds number of 600, the flow becomes clearly chaotic with a mean Lyapunov 
exponent of 0.137 bits/orbit. With an increase in the Reynolds number, the Lyapunov ex- 
ponent is seen to increase thus showing that the system approaches a higher dimensional 
chaotic state. The flow at a Reynolds number of 800 gave a mean-Lyapunov exponent of 
0.314 bits/orbit (Figure 5.1.8). 


5. 1.3.2 Fractal dimension 

The fractal dimension of chaos is characterized by the stability of the flow on the attractor. 
Fixed points for steady flows, periodic orbits for one frequency oscillatory flows and W-tori 
for iV-frequency motions are all attractors with trajectories remaining sufficiently close 
for aU time. Therefore, for all the above cases, the flow is stable. The chaotic or strange 
attrantor is characterized by the unstable nature of the flow. Due to the instability, 
infiniteimal perturbations grow at an exponential rate in one or more directions of the 
attractor depending on its geometry in the iV-dimensional phase-space. An attractor 
becomes chaotic when it has one positive Lyapimov exponent (Grassberger and Procaccia, 
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Figure 5.1.8: Teraporal variation of the largest Lyapunov Exponent (A). The positive 
value of the exponent at a Reynolds number of 600 proves that the flow is chaotic in 
nature and the magnitude of the exponent increases with increasing Reynolds number. 
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1983; Vastano and Moser, 1991). The corresponding geometrical property of the attractor 
is reflected in its fractal dimension. 

The fractal dimension is a geometric measure of the space-filling properties of the 
process being studied. It has been widely used to understand complexity in diverse phe- 
nomena. Examples are (a) the topology of the natural rock fractures and (b) intermittency 
of viscous dissipation at the smallest length scales in turbulence. In the present context, 
it has been used to understand the fluctuations in the velocity signal (originally one di- 
mensional) and the extent to which it fills the u(t) i plane due to its chaotic nature. 
Thus, values of the fractal dimension of the time series greater than unity indicate chaos. 

There are different ways to calculate the fractal dimension of an attractor. One such 
method first measures the correlation dimension and relates it to the fractal dimension 
(Grassberger and Procaccia, 1983). Another method measures the fractal dimension from 
the spectrum of Eulerian Lyapunov exponents. A,-. The fractal dimension is related to 
the Lyapunov exponents through the Kaplan- Yorke conjecture (Frederickson et al, 1983). 
Experiments as well as numerical studies of fluid flow systems show that strange attractors 
are low dimensional at the onset of chaos as weU as transitional Reynolds numbers. The 
dimension of the attractor increases with the Reynolds number, reaching an asymptotic 
value at the fully developed turbulent state (Pulliam and Vastano, 1993 and Vastano and 
Moser, 1991). 

The temporal flow evolution which shows erratic behaviour on both short and long 
timescales have been examined in the present work using the Hurst’s rescaled range anal- 
ysis. The Hurst’s rescaled range analysis {R/S) is a statistical method for processing 
a time series and estimating its fractal dimension, d. The records are characterized by 
the Hurst’s exponent. Hr, and the trace of the record can be shown to have a fractal 
dimension d=2—Hr (Feder, 1988). The fractal dimension of the time series describes the 
relationship between the variance and the time scale of the time series. Fractal systems 
have neighbour-to-neighbour correlation at all scale levels. The variance drops less rapidly 
with the the increased resolntion of the time series when neighbouring elements are posi- 
tively correlated. If a signaJ. ^{t) is divided into intervals of time At, and the mean as well 
as the variance are calculated for each interval, then there will be a lower variance when 
the interval length is increa.sed. Therefore, the relationship between the variance and the 
sampling time may fit a po’Wer law. The fractal dimension of the time series can then be 
calculated by the Hurst’s repealed range analysis (Guzm^ and Amon, 1996). 
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Figure 5.1.9: Logarithmic plot of the rescaled range R(6)/ S{6) vs 6. The slope determines 
the Hurst’s exponent Hr and the fractal dimension d=2—Hr. The smaller slope at a 
Reynolds number of 600 shows that the fractal dimension of the time series is more than 
one and it is chaotic. 


The fractal dimension d of the time series of the transverse component of velocity 
has been calculated using Hurst’s empirical law and the rescaled range analyzes described 
by Feder (1988). In this approach, the exponent is calculated by measuring the slope of 
the log-log curve of R{0)/S{6) vs 9. The term R(6)IS{9) is the rescaled range: 

R{0) = max.{X{t,9)} — xmn{X{t,6)}^ <9 

It is the range defined as the difference between the maximum and minimu m accumulation 
influx X{t,9) = Ea=i{^(<^) “ (Off) fro™ iOg = a given 

interval of time 9] and, S{9) is the standard deviation of the modified series X{t^9). 

Figure 5.1.9 shows the plot of R{9)/S{9) vs 9 corresponding to Reynolds numbers 
of 210 and 600. For periodic flows R{9)/S{9) will be sinusoidal for 9 greater than the 
time-period. Hence, the slopes are calculated using the R{9)/S{9) data before it becomes 
periodic. For Reynolds numbers of 210 and 600 the slopes in Figure 5.1.9 have been found 
to be 1.0 and 0.59. The corresponding fractal dimensions are 1.0 and 1.41. The fractal 
dimension greater than unity corresponds to the unpredictable nature of the flow and 




Results and Discussion 



thus proves that the flow at a Reynolds number of 600 is chaotic in nature. 


5.1.4 Instantaneous flow field 

The numerical results obtained by solving the two-dimensional, incompressible form of 
the Navier-Stokes equations have been analyzed to obtain the flow structure and its 
relationship to transition. Figure 5.1.10(a) shows the vorticity contour for a Reynolds 
number of 40. At this Reynolds number, the flow is steady with two weak recirculation 
bubbles behind the cylinder. The flow separates at the leading edges, attaches again and 
finally separates at the trailing edges. The flow shows the presence of strong vorticity in 
the separating shear layer and symmetry about the wake centreline. At a Reynolds number 
of 210 (Figure 5.1.10(b)), the flow shows a pure vortex shedding pattern. The oscillation 
in ail flow properties is sustained by the edternate shedding of vortices from the top and the 
bottom surfaces of the cylinder. Vortex shedding is initiated as follows: The separating 
shear layer becomes unstable and rolls up towards the centreline of the wake. The vortices 
then get detached from the cyUnder and convected downstream accompanied by a decay 
in the peak vorticity. At a higher Reynolds number the flow loses its shedding symmetry. 
The vorticity contours (Figure 5.1.10(c)) at a Reynolds number of 218 show a minor 
asymmetry of the shedding due to the quasi-periodic nature of flow. Figure 5.1.10(d) 
depicts the flow structure at a Reynolds number of 325. The shedding pattern of the flow 
is quite complex. The regular pattern is seen to have broken but the near-wake shows 
organized pattern as at lower Reynolds numbers. The far-wake shows irregularity due 
to nonlinear interactions among the different vortices. The regular near-wake shedding 
pattern is disturbed with the further increase in the Reynolds number. The contours 
at a Reynolds number of 600 (Figure 5.1.10(e)) show aperiodic flow behaviour and the 
complexity of the flow structure is seen in the neax-waJce itself. 


5.1.5 Influence of grid size on the chaotic flow 

It is necessary to assess the sensitivity of the results obtained thus far to grid refinement. 
To study this aspect, flow at a Reynolds number of 600 has been taken up for comparison. 
At this Reynolds number, the flow is chaotic and hence is expected to exhibit a definite 
dependence on the grid size. While computations have been perfonned in the previous 
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Frequency 


Figure 5.1.11: Power spectrum for a Reynolds number of 600 at grid size of 436x208; 
inset ; grid size of 218 x 104. The similarity between tbe two spectra shows that generated 
chaos in physical in nature. 


sections on a 218x104 grid, a grid comprising of 436x208 cells have been employed for 
comparison. The respective time step derived on the basis of numerical stability are 0.0075 
and 0.005 respectively. Thus the new grid is finer than the original by a factor of 2 in 
each direction and a factor 1.5 in time. On this grid, the CPU time needed for a single 
Reynolds number was 15 days of CPU time on the available machines. 

Figure 5.1.11 is a comparison of the spectra of the transverse velocity at a prede- 
termined point in the wahe. It is clearly seen that the spectra are similar, both in terms 
of peaks as well as the characteristic frequencies. The Lyapimov exponents on the coarse 
and the fine meshes are 0.137 and 0.155 bits/orbit respectively. Similarly the correspond- 
ing fractal dimensions are 1.41 and 1.32 respectively. Data regarding the lift and drag 
coeflBcients are presented in Table-5.1.1. 

The above discussion shows that the flow exhibit a small dependence on the grid 
size and the time step. It is however not large enough to violate any of the conclusions 
drawn earlier. 
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5.1.6 Closure 

Two-dimensional unsteady flow in the wahe of a square cylinder has been numerically 
analyzed for the sequence of transitions leading to chaos. Major conclusions to emerge 
from the study are: 

1. The periodic — > quasi-periodic — > frequency-locking chaotic route to chaos has 
been established. 

2. The critical Reynolds numbers for each transition respectively are 45, 218, 325 and 
600. 

3. Quasi-periodicity and frequency-locking are clearly brought out in terms of spectra, 
autocorrelation function, time-delay reconstruction and the Poincare section. When 
the flow becomes chaotic, the spectrum is seen to broaden, the autocorrelation 
function diminishes rapidly towards zero, the Poincare section is space filling and 
the time-delay reconstruction becomes completely irregular. 

4. Quantitative measures such as Lyapunov exponent and fractal dimension of the 
time series are consistent with the identified transition sequence. For the Lyapunov 
exponent the numerical values are 0 — >• 0 — >• 0 - 4 - 0.137 corresponding to the tran- 
sition Reynolds numbers of (2). The fractal dimension was 1.0 at Re=210 and 1.41 
at Re=600. 


5. At a Reynolds number of 500, the flow was non-chaotic based on the Lyapunov 
exponent (which was zero) while the Poincare section showed a strange attractor. 
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5.2 Three-Dimensional Study of Low Reynolds 
Number Flow 


In the earlier section time-domain analysis has been carried out to understand the transi- 
tion route of the wake of a square cyHnder. The wake of a square cylinder also undergoes 
spatial transition from a two-dimensional to a three-dimensional state. In the present 
section, spatial transition of the wake of a square cylinder has been discussed. 

The geometry for three-dimensional analysis is schematically shown in Figure 1.3. 
The relevant dimensions of the geometry are L=22.0, La=7.0, A=6.0 and H=10.0. In 
relation to this figure, the boundary conditions employed for the present investigation 
axe: (i) The confining surfaces are modeled as the free-slip, for example, at the transverse 
confining surfaces y=±H/2, dujdy=v=dwldy=^^ (ii) At the inlet, a constant streamwise 
velocity has been used with other velocities being set to zero (iii) convective boundary 
condition has been employed at the exit plane. For all the solid surfaces on the obstacle, 
the no-shp boundary condition (u=u=u!=0) has been used. 

For computation, the flow domain is divided into a number of cells. The mesh is 
nonuniform on the x-y plane but uniform on all x-z planes. The grid is clustered near 
the cyhnder and the spacing is increased by a proper ratio away from the cylinder. The 
convective terms have been discretized using second order central differencing scheme. 
The reason for choosing central differencing for the discretization of the convective terms 
has been discussed in the earlier section. 

In the present study, the grid independence study has been carried out with respect 
to the time-averaged and rms values of the lift and drag coefficients and the Strouhal 
number. The effect of the grid size and the time step on the transition scenario has 
been studied and reported in the earlier section. For the grid independence study, three 
different grid sizes fojc: a Reynolds number of 250, namely 178 x 80 x 22, 178 x 80 x 32 
and 218 x 104 x 22 ^md two different grid sizes for a Reynolds number of 500, namely 
178 X 80 X 22 and 21_ 8 x 104 x 22 have been employed. The comparison of parameters 
computed on these gr-“ids are listed in Table-5.2.1. The time-averaged quantities, namely 
the drag coefficient aix_d the Strouhal number show no significant variation for the different 
grids. However, the rsrnis values of the lift and drag coefficients vary with the grid size. 
The computations of present study is highly expensive in terms of time and computer 
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Table 5.2.1: Grid Independence Test 


Re 

Grid size 

S 

Co 

Cl 

Cd' 



178 X 80 X 22 

0.151 

1.69 

0.0002 

0.032 

0.145 

250 

178 X 80 X 32 

0.154 

1.69 

0.003 

0.033 

0.193 


218 X 104 X 22 

0.150 

1.72 

0.003 

0.044 

0.183 


178 X 80 X 32 

0.120 

2.14 

-0.005 

0.193 

1 

1.442 

500 

218 X 104 X 32 


2.17 



1.454 


Table 5.2.2: Comparison of present results with published data 


Re 

Source 

S 

Cd 

100 

2D (present) 




"0.152 

1.50 

Davis et al. (1984) 

0.154 

1.64 




Okajima (1982) 

0.139 

HI 

500 

2D (present) 


IH 

3D (present) 



Davis et al. (1984) 1 



Okajima (1982) 

■iBMl 

^IIIIIIIIKIIIIIIIi^ 
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Table 5.2.3: Code validation at a high Reynolds number 


Calculations 

Grid Sizes 

Cl 

Cl' 

Cd 

Cd' 

S 

Ir 

Re=21400 

(present) 

240x130x32 

0.03 

1.40 

2.65 

0.13 

0.158 

1.30 

Wang et al. 
(1996) 
(LES) 


-0.03 - 
0.06 

1.23- 

1.48 

2.07- 

2.67 

0.09 - 
0.27 

0.13 

0.13 

0.89 - 
1.26 


Experiments 


Lee (1975) 

2.05 0.23 

Cheng et al. 

0.6 1.9-2.1 0.2 


(1992) 


Durao et al. 

0.138 

1.33 

(1988) 



Lyn et al. 

0.132 

1.38 


(1995) 
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resources. All the computations have been carried out in a 233MHz and 192MB RAM 
DEC-ALPHA workstation. The typical CPU time per time step at dynamic steady state 
on a 178 x 80 x 22 grid at a Reynolds number of 500 is about 9 minutes. Therefore, all 
computations have been carried out using a grid of size 178 x 80 x 22. 

The computer code has been validated through comparison with numerical as well 
as experimental results over the Reynolds number range of 100 - 21400. Table-5.2.2 
shows the comparison of the present numerical results of two- as well as three-dimensional 
computations with the published numerical results and experiments. The parameters 
chosen for the comparisons are time-averaged drag coefficient and Strouhal number. There 
is a good match between the present results and the data in the literature, particularly 
at low Reynolds number. 

The present code has been found to work satisfactorily even at a high Reynolds 
number of 21400 without any model to take into account the contribution of subgrid 
scale eddies. The geometry chosen for the high Reynolds number simulation is similar 
to the present study. The convective terms at the higher Reynolds number have been 
discretized using third order upwind scheme due to Kawamura et al. (1986). Table-5.2.3 
shows the summary of the run with the finest grids and the comparisons of the integral 
parameters such cls time-averaged and rms values of the lift and drag coefficients, Strouhal 
number and the mean recirculation length^ (/r)- The present results are compared with 
the results available in the literature at this high Reynolds number. Numerical results 
using the Large Eddy Simulation (LES) have been chosen for comparison with the present 
study. It is very clear that the match between our results and those published axe good. 
The minor discrepancies are due to the higher blockage associated with the present work. 

The comparison of the streamwise and transverse variation of the time-averaged 
streamwise velocity at four different locations x=0.0, 1.0, 1.5 and 4.0 is presented in a 
later Figure 5.7.4(a-b). The match among the present results, LES results and experiments 
are good. 

Studies with a circular cylinder show that transition to three-dimensionality can 
occur at a low Reynolds number even when the overall configuration is two-dimensional. 
The associated critical Reynolds number is expected to depend on factors such as the inlet 

iThe mean recirculation length is the distance beyond the cylinder along the wake centreline over 
which the time-averaged streamwise component of velocity first attains a jjositive value. 
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disturbance Ie¥el, the shape of the body and the velocity profile in the approach flow. 

In the present study for a square cylinder, upstream disturbances are absent and 
transition is promoted by discretization errors arising from the governing equations along 
with those from the boundary conditions. These being uniformly distributed over the 
fluid region, the transition observed in the present computations can be thought of as 
being natural, rather than forced. The corresponding critical Reynolds numbers can be 
regarded as upper limits for transitions. Figure 5.2.1(a) exhibits a signal traces of the 
spanwise component of velocity in the near-wake at Reynolds numbers of 150 and 175. 
With the passage of tiine the velocity component at Re=150 goes to zero indicating that 
the flow is two-dimensional. At a Reynolds number of 175, intermittent fluctuations 
are seen even at longer times. The amplitude of fluctuations in the spanwise velocity 
increases with increasing Reynolds number. Simultaneously there is a decrease in the 
intermittency of the fluctuations. The intermittency fades out at a Reynolds number of 
250. Beyond, low frequency fluctuations are not present and the signal trace is uniformly 
noisy. Figure 5.2.1(b) depicts the time variation of the spanwise velocity at a Reynolds 
number of 325. 

The signals in Figures 5.2.1(a) and (b) are a clear indication of transition to three- 
dimensionality in the wake of the square cylinder. The critical Reynolds number can be 
taken to lie between 150 and 175, The flow details presented below correspond to a large 
time, at which a dynamic steady state has been attained. 

Results obtained in the present work have been organized as per the following head- 
ings: 

1. Instantaneous flow field 

2. Time-averaged integral parameters 

3. Rms values of force fluctuations 

4. Effect of three-dimensionality on the instantaneous forces 

5. Time-averaged flow field 

6. Comparison with a circular cylinder 
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Broken lines: = (0.29,10.0,0.57) 

SoHd lines: = (-9.43, -0.29, 0.57) 


a n 



Brokm lines: A<n,) = (0.01,0.4,0.028) 

Solid lines: Aw,) = (-0.37,-0.01,0.028) 


Fi^e 5.2.2: Vorticily contours at a Reynolds number of 175: (a) spanwise vorticity and 
(b) transverse (seconda^) vorticity. The secondary vortices show Mod^A pattern with 

a spanwise wavelengtli of 3.0. ^ 
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5.2.1 Instantaneous flow field 


The flow past a square cylinder at low Reynolds numbers is characterized by the forma- 
tion of a wake of staggered array of vortices. Laminar two-dimensional shedding without 
any spanwise instability has been observed upto a Reynolds number of 150. With an 
increase in the Reynolds number to 175, the wake of the square cylinder becomes struc- 
turally complex. In addition to the primary spanwise Karman vortices (wz), secondary 
vortices are also generated in the wake. Two types of secondary vortices are present in 
the three-dimensional flow field, namely streamwise and transverse vortices {<^y)- 
Figure 5.2.2(a) shows the instantaneous spanwise vortices on the mid-span (z=3.0). The 
figure reveals the alternate staggered nature of the vortex street, thus signifying dominant 
periodicity in the flow. The streamwise wavelength of these spanwise vortices is about 6.2, 
though not a constant along the flow direction. Specifically, the near-wake wavelength is 
smaller a.s compared to the far-wake. A possible reason for this result is the higher con- 
vective speed of the vortices in the far-wake, the strong interaction between the vortices 
with opposite signs being absent. 

The contours of secondary vortices Uy are presented in Figure 5.2.2(b). The vortices 
have been plotted on the vertical mid-plane (y=0). The computations of the present study 
shows that the spanwise wavelength (A 2 ) of these vortices is about 3. Figure 5.2.2(b) also 
shows the presence of the regular large-scale secondary vortices filling the span of the 
flow domain. At a Reynolds number of 150, the spanwise vorticity plots are similar to 
Figure 5.2.2(a), but the transverse vorticity is zero everywhere. Thus, Figure 5.2.2(b) is 
an indication of the flow becoming three-dimensional between Reynolds numbers of 150 
and 175. 

The three-dimensional iso-surfaces of the spanwise vorticity at a Rejmolds number 
of 175 are shown in Figure 5.2.3(a). This figure shows total uniformity of the vortices 
across the cylinder span, revealing parallel shedding without discontinuity within the 
structure. Figure 5.2.3(b) illustrates the three-dimensional iso-pressure distribution at 
the same instant of time as in Figure 5.2.3(a). A comparison of Figures 5.2.3(a) and (b) 
shows that pressure minima coincide with the spanwise vorticity peaks. This result is to 
be anticipated on grounds of physical reasoning and is a useful crosscheck on the numer- 
ical computation. The corresponding iso-surfaces for streamwise and transverse vortices 
have been shown in Figures 5.2.3(c) and (d). These figures demonstrate the existence 
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Figure 5.2.3: for caption see next page 
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(c) 



(d) 

Figure 5.2.3: Iso-surfaces at a Reynolds number of 175 with regular shedding mode (Mode- 
A): (a) spanwise vorticity (a;,=±0.25) (b) pressure (p=0-8) (c) streamwise (secondary) 
vorticity (a;^=±0.05) and (d) transverse (secondary) vorticity (a;j,=±0.05). 
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of the secondary flow. This observation confirms the pattern of shedding at a Reynolds 
number of 175 to be Mode-A^. The spatio-temporal symmetry of Mode- A clear from the 
Figure 5.2.3(c) produces a staggered array of streamwise vortices (wa;) that alternate in 
sign from period to period at a given spanwise location. The streamwise vortices follow 
an out-of-phase pattern, i.e. within the half period the sign of the streamwise vortices 
change. Comparing Figures 5.2.3(c) and (d) it can be concluded that the arrangement of 
vortices are similar, though the transverse component is dense and forms a less regular 
link between vortices of opposite sign. 

Over the Reynolds number range of 175 - 240, three-dimensionality in the form of 
Mode-A is seen to persist. When the Reynolds number is increased to 250, the large-scale 
structure in the spanwise direction breaks down to a spanwise wavelength smaller than 
Mode-A. The mode of shedding resulting in a small-scale structure is labeled Mode-B. 

Figure 5.2.4(a) shows the spanwise vorticity contours at the spanwise mid-plane for 
a Reynolds number of 250 (Mode-B). The wavelength of this component of vorticity is 
about 6.9 which is larger than that of the Mode-A. The vortices in Figure 5.2.4(a) are 
structurally complex as compared to Mode-A, Figure 5.2.2(a). The contours of transverse 
vorticity on the vertical mid-plane (y=0) are presented in Figure 5.2.4(b) at the Reynolds 
number of 250. The spanwise wavelength of these vortices is in the range 1.2-1. 4. The 
vorticity contours give a clear indication of the appearance of irregular fiiner-scales in 
Mode-B as compared to Mode-A. Figure 5.2.4(c) shows the spanwise iso-vorticity surfaces 
at a Reynolds number of 250, while Figure 5.2.4(d) depicts the iso-surfaces of streamwise 
vorticity. The iso-surfaces of streamwise vorticity show the vortices to be irregular and 
not a uniformly staggered array as in Mode-A. The streamwise vortices can be seen to 
have the same sign over all the wavelengths at a particular spanwise location. 

A closer examination of the flow field at a Reynolds number of 175 shows that the 
vortex dislocation phenomenon reported by Williamson (1992) for a circular cylinder is 
also present for the square cylinder. Vortex dislocation is the intermittent low-frequency 
modulation due to the formation of a large-scale irregularity in the near-waJce. Fig- 
ure 5.2.5(a) shows the spanwise vorticity at the mid-span at the instant when the flow 
suffers vortex dislocation. Compared to Figure 5.2.2(a), the Karman vortex street is seen 
to be elongated along with a larger recirculation length. The formation of vortex disloca- 

A description of Modes- A, A* and B in the context of a circular cylinder is given in Chapters- 1 and 
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Figure 5.2.4: Vorticity contours and iso-surfaces at a Reynolds number of 250: (a) span- 
wise vorticity contours (b) transverse (secondary) vorticity contours (c) iso-surfaces of 
primary vortices (^^=±0.25) and (d) iso-surfaces of secondary vortices (^^=±0.05). The 
secondary vortices show Mode-B pattern in (b) with a spanwise wavelength of 1.2-1. 4. 
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tion is understood from Figure 5.2.5(b) where the transverse vorticity on the mid-plane 
{y = 0) is shown. Figure 5.2.5(b) shows the dislocation to be present in the far down- 
stream of the cylinder as well. The dislocated vortex is convected downstream after its 
formation in the near-wake. Vortex dislocation is generated between the spanwise cells 
due to the out-of-phase movement of the primary vortex in each cell. A similar effect can 
be observed if the shedding frequency are slightly different. 

Following WilHamson (1992), two types of vortex dislocation can be identified. In 
one, a rather twisted web of vortex linking occurs across the cell boundaries. Such a 
dislocation is one-sided and lacks symmetry. A two-sided dislocation occurs due to the 
local phase variation within larger cells of the shed vortices in association with the parallel 
shedding. It may also occur due to vortex merging along the spanwise direction. The 
symmetry of the dislocation about the mid-span is a proof that the dislocated vortices are 
two-sided. Here, dislocation in the spanwise direction undergoes symmetric spreading. 

The dislocation in Figure 5.2.5(b) shows that the spreading is two-sided with the 
frequency and phase of shedding on either side of the dislocation being equal. The two- 
sided dislocation forms a A-structure, evident in Figure 5.2.5(b). In contrast, the out-of- 
phase two-sided dislocation gives zig-zag symmetry about the cells of dislocation due to 
shift in either frequency or phase. In a two-sided dislocation, the vorticity concentration 
and vorticity cancellation can be discerned in Figure 5.2.5(b) due to alternate in-phase 
and out-of-phase secondary vorticity distribution along the streamwise direction of the 
flow. Vorticity concentration is seen in the Figure 5.2.5(b) over 13.8<a;<15.8, and vortic- 
ity cancellation over 11.7<x<14.2 for a paxticular combination of vorticity cancellation- 
concentration^. To show the .sy mm etry of the two-sided dislocation, two other spanwise 
vorticity contours have been presented in Figures 5.2.5(c) (2=1.5) and (d) (z=4.5) for the 
same instantaneous flow field as in Figure 5.2.5(a). Both the figures showing an identical 
trend in vortex shedding signifies that the dislocation is truly symmetric and two-sided. 
The vortex formation length at these two spanwise locations are similar as in Mode- A. 
The only difference is in the knot formation on each vortex downstream. These knots are 
due to the dislocated spanwise vortices formed at the mid-span. The smaller formation 
lengths also suggest that the effect of dislocation is not as prominent as at the mid-span 
since their z-locations are away from the primary dislocation plane (2=3.0). 


^ When the dislocation spreads over the entire streamwise length beyond the cylinder, alternate arrays 
of vorticity concentration and cancellation are seen, Figure 5.2.7. 
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Broken lines: Acj,) = (0.29,10.0,0.57) 

SoUd lines: (a;z,nin,t^zHxax, Aw^) = (-9.43,-0.29,0.57) 


Vortex dislocation 


Broken lines: = (0.06,1.0,0.12) 

Solid lines: <^y^^^, Au}y) = (-0.88,-0.06,0.12) 


Figure 5.2.5: for caption see the next page 






Broken lines: Aa;^) = (0.33,5.0,0.66) 

Solid lines: ^ (-4.33,-0.33,0.66) 



Figure 5.2.5: Vorticity contours at a Reynolds number of 175 when vortex dislocation 
coexist with regular shedding: (a) spanwise vorticity at mid-span (2:=3.0) (b) transverse 
(secondary) vorticity (c) spanwise vorticity at z=1.5 and (d) spanwise vorticity at z=4.5. 
The secondary vortices in (b) show the evidence of vortex dislocation shown by an arrow. 
The figure has been plotted at an instant when the dislocation has propagated in the 
far-wake. 
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(a) 


Figure 5.2.6; for caption see next page 


Figure 5.2.6 shows the three-dimensional representation of vortex-dislocation through 
the spanwise (Figure 5.2.6(a)) and streamwise (Figure 5.2.6(b)) vorticity. Figure 5.2.6 il- 
lustrates that the dislocation is due to the formation of large-scale structures which are 
coherent and symmetric in nature. One of the important characteristics of dislocation in 
the wake is its spreading in the spanwise direction. The spreading occurs due to two ma- 
jor reasons (Williamson, 1992V One is vortex division, he., a single spanwise vortex tube 
divides into two of same sign as the original. The rotation of the single vortex tube twists 
the other two branched vortex tubes at the point of division about the axis of the single 
vortex tube. This helical twist of the two vortex tubes leads to flow in the direction of the 
axis of the main tube and as a consequence the secondary flow is enhanced. The second 
reason is related to the formation of nonuniform spanwise vortices along the cylinder axis. 
The nonuniformity of the distribution of vortices results in a helical twisting of the vortex 
tube and causes secondary axial flow. Owing to nonuniformity in the spanwise vortices, 
there is a pressure distribution as well. The distribution is such that a higher vorticity 
corresponds to lower pressure. Therefore, there is net pressure difference along the axis 
of the spanwise vortex tube. Due to the pressure difference there is a net outward flow of 
fluid from the mid-span. This outward flow leads to the spreading of the dislocation. 



(c) 


Figure 5.2.6: Iso-surfaces at a Reynolds number of 175 when vortex dislocation coex- 
ist with regular shedding mode called Mode-A*; (a) spanwise vorticity (^,=±0.25) (b) 
streamwise (secondary vortices) (a;x=±0.05) and (c) pressure (p— 0.8). The regular span- 
wise vortices in Figure 5.2.3(a) has been deformed. 
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Vortex division has been established for a higher aspect ratio circular cylinder 
by Williamson {1992). In the present study the evidence for vortex division is not as 
clear. The spreading due to nonuniformity of the vortex tube is however clearly seen in 
the present study. The iso-surfaces of the spanwise vortici’ty (Figure 5.2.6(a)) show that 
its distribution is nonuniform along the length. The corresponding iso-surfaces of the 
streamwise vortices are shown in Figure 5.2.6(b). Similarly the iso-pressure distribution 
(Figure 5.2.6(c)) shows nonuniformity along the cylinder length, in contrast to the regular 
shedding mode where pressure is sensibly constant. The nonuniform pressure distribution 
leads to secondary flow and spreads the dislocation in the spanwise direction. 

Figure 5.2.7 shows the temporal evolution of the dislocation through the vorticity 
contours at a Reynolds number of 175. In this figure, the contours at different times have 
been plotted with identical maximum-minimum values of vorticity. The instantaneous 
drag coefficient as a function of time is shown in Figure 5.2.8. The time instances cor- 
responding to the snapshots of Figure 5.2.7 have been marked over the drag-coefficient 
signal. Figure 5.2.7(a) corresponds to an instance when the vortex dislocation has just 
been initiated. Comparing Figure 5.2.2(b) and Figure 5.2.7(a), the spanwise wavelength 
of the secondary vortices can be seen to increase with time. The increase can be related 
to vortex merging in the spanwise direction. For the dislocation appearing in the present 
calculation, the vorticity field in the transverse direction is symmetric about the mid-span 
of the cylinder. Figure 5.2.7(c) shows the spread of dislocation over the entire flow field. 
During dislocation, the vortices of higher spanwise wavelength are generated in the neax- 
wake. These break down in size as they travel downstream. All the large-scale vortices 
in the near-wake are oppositely aligned to that in the far-wahe. Figure 5.2.7(c) confirms 
that the spanwise spreaxiing rate of the dislocation is high in the downstream direction. 
Figure 5.2.7(d) and (e) show that the dislocation process gradually comes to a stop, in the 
sense that the near-wake is filled by three-dimensional secondary vortices. Thus, unlike 
the continuous shedding phenomenon, dislocation progress intermittently in time. 

Dislocation may originate due to different reasons. Williamson (1992) has demon- 
strated experimentally the formation of dislocation by forcing a frequency discontinuity 
with the help of a disc having a diameter larger than the circular cylinder. The formation 
of a dislocation as a consequence of oblique shedding has also been demonstrated in these 
experin^nts. Zhang et al. (1995) have documented the vortex dislocation numerically 
(also called adhesion mode) by introducing spanwise nonuniformity along the cylinder. 
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Figure 5.2.8: Drag coefficient signal skowing the different instances of the vortex disloca- 
tion shown in Figure 5.2.7. 


They have used periodic end-boundary conditions. The present study did not employ any 
external forcing and vortex dislocation was possibly due to the phase variation within the 
large coherent structures. The other possibility is the merging of the secondary vortices 
in the spanwise direction. The regular shedding mode (Mode- A) shows a spanwise wave- 
length of secondary vortices to be 3 units. The spanwise wavelength of the secondary 
vortices increases during the vortex dislocation by merging. This phenomenon is clear 
from Figure 5.2.7(a) where the location of the A-structure shows an increase in span- 
wise wavelength. This increase in the wavelength can be associated with a low frequency 
irregularify seen in vortex dislocation. 

The resxilts prraented above show that subsequent to transition to three-dimensionality 
in the wake of a square cylinder two patterns, namely Mode-A and Mode-A* may both 
appear, the latter invdving the vortex dislocation process. Both patterns can coexist over 
the Reynolds numba: range 150 - 175. On can broadly conclude that the Mode-A be- 
haviour is more probable in the vicinily of a Reynolds number of 150, while it is Mode-A* 
around a Reynolds number of 175. To establish the differences between the modes, the 
signal traces of the relevant quantities have been compared below. 
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Figure 5.2.9: Time traces of transverse velocity at two different Reynolds numbers. The 
time signal at a Reynolds number shows the evidence of low frequency intermittent irreg- 
ularities. 
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Figure 5.2.10: Spectra at two Reynolds numbers corresponding to time-traces shown in 
earlier figure ^Figure 5.2.9). The spectra at a Reynolds number of 1T5 shows broadband 
due to the presence of vortex dislocation. 
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Figure 5.2.11: Time traces in the near- as well as far-wake at a Reynolds number of 175. 
The little phase-lag of irregulaxily between the two traces shows the rapid propagation of 
vortex dislocation in the streamwise direction. 


Figure 5.2.9 shows the time traces of the transverse component of velocity at Reynolds 
numbers of 150 and 175 in the near-wake (a:=L23) along the centreline. The dimension- 
less spectra of the corresponding signals are shown in Figure 5.2,10. The spectrum at a 
Reynolds number of 175 is broader due to the presence of dislocation. The peak value 
is smaller since other harmonics related the dislocation have been excited. On the other 
hand, the spectrum at a Reynolds number of 150 shows a single peak corresponding to the 
shedding frequency. The frequency of vortex shedding in Mode-A"* is smaller due to the 
presence of the low frequency irregularity of vortex dislocation. The Strouhal frequency of 
Mode- A matches however the regulax shedding frequency at a Reynolds number of 150. A 
comparison of the two spectra shows that the energy in the higher frequencies are greater 
in Mode-A* as compared to Mode-A. Thus the spectrum corresponding to Mode-A’*' is 
seen to be influenced on the low as well as high frequency ends, in relation to Mode-A. 

Figure 5.2.11 shows the signal traces of the transverse velocity component at two 
locations along the centreline, namely a:=L23 and 10.5. The phase-lag between the signals 
is seen to be small and the low frequency modulation is seen to be small in the far-wake. 
The propagation of dislocation in the downkream can hence be taken to be rapid. 
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Figure 5.2.12: Temporal variations of drag and lift coefficients at various Reynolds num- 
bers: (a) Re=150 (b) Re=175 and (c) Re=290. Both the drag and lift coefficients at a 
Reynolds number of 175 show low frequency irregularities which axe absent at a Reynolds 
number of 150. The low frequency intermittent irregularities largely fade away at a 
Reynolds number of 290. 


The variation of the instantaneous drag and lift coefficients with time are shown 
for a Reynolds number of 150 in Figure 5.2.12(a). At a Reynolds number of 175, the 
force components exhibit a clear pulsation (Figure 5.2.12(b)). A distinct and intermittent 
switching of the flow field is clear in this figure. There is a low frequency modulation 
(marked LD, low drag) in the time series with the usual shedding mode (marked HD, 
high drag). The unusual intermittent low frequency modulation can be related to the 
vortex dislocation. The time-period of the dislocation is approximately fifteen times 
that of vortex shedding and the duration for which dislocation persists is about 10-12 
times the shedding period. The decrease in the drag coefficient during the period of 
vortex dislocation is due to a longer recirculation length (see Figure 5.2.5(a)) compared 
to the regular shedding mode. Similarly the decrease in lift coefficient during the vortex 
dislocation period is also due to a reduced pressure drop across the transverse faces of 
the cylinder, again owing to a longer recirculation length. In the usual shedding mode 
there is an increase in the rms values of both the coeflflcients with Reynolds number. The 
rms fluctuations momentarily faJJ for the lift coefficient and rise for the drag coefficient 
during vortex dislocation. W^ith. further increcise in Reynolds number, the intermittent 
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low frequency modulation in the flow decreases, and the pulsation phenomenon fades out, 
see Figure 5.2.12(c), Re=290. 

The transition of flow from two- to three-dimensional field affects the decay rate 
of all vorticity components as they travel downstream (Figure 5.2.13). The spanwise 
vorticity in Mode-A (Re=175) is higher in the near-wake and shows a faster decay than 
what is observed during Mode-A with regular shedding. Mode-A at Re=175 shows a 
lower value of the spanwise vorticity and decays slower compared to Mode-B (Re=250). 
The variation of the streamwise vorticity with the downstream direction is shown in 
Figure 5.2.14. Specifically, the peak values of the streamwise vorticity at a representative 
instant of time have been shown. Figure 5.2.14 shows the differences in among Mode-A, 
Mode-A at a Reynolds number of 175 and Mode-B (Re=250). It is to be noted that any 
x-location in the near-wake the streamwise vorticity in Mode-A* is about six times higher 
than the corresponding value for Mode-A. During Mode-A*, vorticity initially increases 
upto a certain streamwise position and then decreases. However, in Mode-A, the vorticity 
shows an insignificant variation. The streamwise vorticity for a Reynolds number of 250 
(Mode-B) shows a similar variation as in Mode-A*, except that the maximum value is 
higher and the decay rate is faster. The trends in Figure 5.2.13 are understandable from 
the following viewpoint. At a Reynolds number of 150, the flow is two-dimensional and the 
corresponding spanwise wavelength can be taken to be large. In other situations, namely 
Re=175 (Mode-A and A*) and Re=250 (Mode-B), the flow is three-dimensional with 
finite spanwise wavelength. If one can relate three-dimensionality to vortex stretching, it 
follows that the initial vorticity for small distances in the i-direction will be higher for 
three-dimensional flows compared to the two-dimensional one. Thus, the vorticity in a 
three-dimensional field is initially larger, but it decays rapidly due to the formation of 
smaller structures. The decay rates are the smallest for two-dimensional flow (Re=150). 
At a Reynolds number of 175, the peak vorticity in the presence of vortex dislocation is 
higher, though the wavelength is also higher compaxed to Mode-A. This suggests a fine- 
grained structure contained within a larger vortex, which decays rapidly with distance. At 
Re=250, the vortex has a smaller spanwise wavelength of unity but a uniform distribution 
of vorticity. This results in a decay faster than in two-dimensional flow but slower than 
Mode-A*. 

The distribution of the transverse vorticity is shown in Figure 5.2.15. The figure 
shows the peak vorticity determined at a representative instant of time on the mid-plane 
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Figure 5.2.13: Streamwise variation of spanwise vorticity with Reynolds numbers. 



Figure 5.2.14: Streamwise variation ot steamwise vorticity with Reynolds numbers. 
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Figure 5.2.15: Streamwise variation of transverse vorticity with Reynolds numbers. 


along the flow direction. No clear trend is discerned for any of the modes, except that for 
Mode-A, iOy gradually increases with x while for A* and B, the dominant change is one 
of decay. 

Transition in the wake of a square cylinder can now be characterized as follows; The 
flow is two-dimensional upto a Reynolds number of 150. At a Reynolds number of 175, the 
flow becomes three-dimensional. This particular Reynolds number is also characterized by 
the presence of intermittent low frequency oscillations together with the three-dimensional 
shedding mode (Mode-A). The combination of the two different phenomena has been 
called Mode-A*. There may exist a small range of Reynolds numbers in which the flow 
shows Mode-A behaviour without any internoittent low-frequency, but this could not be 
detected in the present work. The sequence of transition to three-dimensionality is thus 
expected to be: 


2D-^ A* (3D) B (3D) 
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Figure 5.2.16: Variation of Strouhal number and drag coefficient with Reynolds number. 


5.2.2 Time-averaged integral parameters 

The present section is concerned with the consequences of vortex dislocation on time- 
averaged quantities. Figure 5.2.16 is a comparison between the present two- and three- 
dimensional simulation with the computational results of Davis et al. (1984) and Franke 
et al. (1990), and the hotwire experiments of Okajima (1982). This figure shows that at a 
Reynolds number of 175, the Strouhal number decreases. Beyond a Reynolds number of 
250 for two-dimensional and 450 for three-dimensional calculations, there is an increase 
in Strouhal number. The reduction in the Strouhal number at a Reynolds number of 175 
can be related to formation of vortex dislocation. The experimental points of Okajima 
(1982) show significant scatter and preclude a precise investigation of this effect. The data 
points shown in Figure 5.2.16 are averages determined from the reported experiments. The 
numerical simulation referred in Figure 5.2.16 axe two-dimensional in nature and also fail 
to capture this trend. Specifically at a Reynolds number of 175, the computed value of 
the Strouhal number is 0.158, when dislocation coexists with the regular shedding mode 
and IS lower than the value without dislocation (=0.163). A Strouhal number of 0.163 is 
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also obtained at a Reynolds number of 150 when the transition to three-dimensionality 
has not occurred. The Strouhal number increases to 0.161 at a Reynolds number of 200 
when the dislocation fades away at this Reynolds number. 

The variation of the time-averaged drag coefficient, Cd with Reynolds number is 
also shown in Figure 5.2.16. The present three-dimensional computation shows a close 
association between the drag coefficient and the Strouhal number. The inverse of the 
Strouhal number correlates with the time-averaged drag coefficient over the entire range 
of Reynolds number. The time-averaged lift coef&cient was found to be less than 10~^ at 
all the Reynolds numbers studied. 


Table 5.2.4: Rms values of lift and drag coefficients 


Re 

C'l 

C'l. 

100 

0.122 

0.003 

125 

0.223 

0.011 

150 

0.274 

0.017 

175 

0.268 

0.062 

200 

0.305 

0.026 

250 

0.150 

0.032 

290 

0.473 

0.033 


5.2.3 Rms values of force fluctuations 

The rms values of the lift and drag coefficients as a function of Reynolds number axe 
presented in Table-5.2.4. There is a steady increase in the rms values upto a Reynolds 
number of 150. At a Reynolds number of 175, an increase in the rms value of drag 
coefficient and a simultaneous decrease in that of lift coefficient are seen. This behaviour 
can also be traced to vortex dislocation. During this process, the elongation of the shear 
layer leads to a lower value of the instantaneous drag coefficient. Thus the rms value is 
higher though the tim^averaged value is unaffected. The drop in the rms value of the lift 
coefficient can be explained by the lower transverse rms velocity fluctuation (Figure 5.2.9) 
experienced by the cylinder during vortex dislocation. A second discontinuity is observed 
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at a Reynolds number of 250. This can be attributed to the switching of the flow from 
Mode-A (or Mode-A*) to Mode-B. Mode-B contains fine-scale structures when compared 
to Mode-A. These small-scales also lead to smaller transverse fluctuation. The higher 
rms value of the drag coefficient is a consequence of the higher pressure drop across the 
cylinder in the streamwise direction due to the formation of small-scale structures. The 
rms values of the lift and drag coefficients subsequently show a steady increase with 
increasing Reynolds ninnber^. 

5.2.4 Effect of three-dimensionality on the instantaneous forces 

The three-dimensional flow has an effect on the pressure distribution around the cylinder. 
Due to the nonuniform pressure distribution along the span of the cylinder, there is a re- 
markable effect on the instantaneous forces acting on the cylinder. Figure 5.2.17(a) shows 
the temporal variation of the lift coefficient at three different locations (z=1.5, 3.0 and 
4.5) along the span of the cylinder at a Reynolds number of 325. The three different lift 
coefficient curves are seen to be in phase though the peak values are affected. The drag co- 
efficient behaves altogether in a different manner. Figure 5.2.17(b) depicts the phase shift 
among the three different drag coefficients calculated at the three locations. The point 
to be noted is that the cyhnder may experience a bending moment, if two or more drag 
coefficients go out of phase. It is also evident that variations in the shedding frequency 
lead to variations in the drag amplitude. As a result, the bending moments at various 
spanwise locations are different. The flow without any prominent three-dimensional effect 
will not experience bending as there is no spanwise variation of lift and drag. 

5.2.5 Time-averaged flow fleld 

The wake of a square cylinder is rmsteady even at a Reynolds number of 45. Hence a com- 
parison of the wake behaviour at different Reynolds numbers in terms of entrainment and 
wake size is not appropriate if the instantaneous flow field is chosen. The time-averaged 
flow field better reveals the physical phenomenon at the large-scale. It is interesting to 
know if time-averaging suppresses the intricate phenomena such as vortex dislocation in 

At a Reynolds number of 325, (7^ and Cjj were found to be 1.015 and 0.113 respectively. This sudden 
increase is <x}nsistent with the higher velocity fluctuations in the near-wake of Figure 5.2.20. A po®ible 
explanati<ffl is the resonance due to interaction between the shear layer and K&man frequencies. 
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Figure 5.2.17: Vaxiation of force coefficients at various spanwise locations at a Reynolds 
number 325: (a) lift coefficient and (b) drag coefficient. The drag coefficient shows severe 
three-dimensionality in terms of phase shifts among different spanwise locations whereas 
the lift coefficient does not suffer from such an effect. 
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Figure 5.2.18: Variation of time-averaged streamwise velocity for various Reynolds num- 
bers at different locations: (a) i=0 (b) 1.0 and (c) 4.0. 


the portrait of the flow field. In the present study, the flow field has been time-averaged 
with twenty or more cycles after the dynamic steady state has been reached. 

Figure 5.2.18 shows the time-averaged profile of the streamwise component of ve- 
locity for the four Reynolds numbers. Figure 5.2.18(a) has been drawn for a streamwise 
location of x=0. All the four profiles look similar except that at lower Reynolds num- 
bers, very little backflow is observed above and below the cyhnder. With the increase in 
Reynolds number, the extent of backflow increases. The streamwise velocity component 
at a location x=1.0 is shown in Figure 5.2.18(b). The centreline velocity is negative for 
cdl the Reynolds number at this location. The recovery of velocity is directly related to 
the wake-width which in turn depends on the entrainment at the edge of the wake. Since 
no difference is seen in waJce-width, the recovery rates at different Reynolds numbers are 
practically identical. At an axial location x=4 (Figure 5.2.18(c)), the wake-width vaxies 
considerably with the Reynolds number. The wake-width initially decreases with the in- 
crease in Reynolds number to 175 possibly due to the increase in entrainment from the 
outer flow. With the increase in Reynolds number to 325, the wake-width again increases 
as the entrainment decreases. 
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y 

Figure 5.2.19: Variation of time-averaged transverse velocity for vaxious Reynolds numbers 
at different locations: (a) x=0 (b) 1.0 and (c) 4.0. 


The time-averaged transverse component of velocity, in turn a measure of entrain- 
ment have been presented in Figure 5.2.19. Though all profiles at x=0 (Figure 5.2.19(a)) 
look similar, the maximum velocity attained at ?/ = ±1 shows differences with Reynolds 
number. Figure 5.2.18(b) demonstrates the entrainment within the recirculation bubble 
of the mean flow at i=1.0, a position close to the cylinder. The entrained fluid mass from 
either side of the wake crosses the centreline of the wake indicating positive and negative 
transverse velocity above and below the centreline respectively. Figure 5.2.19(c) also con- 
firms the occurrence of entrainment of fluid mass in the wake at x=4. The entrainment 
mechanism into the wake is due to oppositely oriented spanwise vortices generated by the 
separating shear layer. The resulting motion takes the fluid inwards, closer to the wake 
centreline. As a consequence, the size of the wake grows in the downstream direction. 
This is consistent with the data of Figure 5.2.18. 

The behaviour of the dimensionless fluctuating components in the wake shows inter- 
esting patterns. The fluctuations in general increase with the Reynolds number. However, 
over a narrow range of the Reynolds number, the spanwise wavelength changes from 3 to 
a value in the range 1.2-1. 4 and leads to a drop in magnitude of the fluctuations. Fig- 
ure 5.2.20(a) depicts the profiles of the streamwise normal stress at x=0. It can be seen 
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that the region occupied by the fluctuations on each side of the cylinder increases with the 
increase in the fluctuations. This transverse distance determines the wake-width in terms 
of the velocity fluctuations. The profile of at a:=1.0 is presented in Figure 5.2.20(b). 
It is interesting to note that at each location, the fluctuations in the streamwise compo- 
nent of velocity at a Reynolds number of 175 are higher compared to a Reynolds number 
of 150. One should have expected the fluctuations at a Reynolds number of 175 to be 
smaller due to its three-dimensionality. Instead, the fluctuations at this Reynolds number 
are higher due to vortex dislocation. Subsequently, there is a sudden drop in the level of 
fluctuations at a Reynolds number of 250, though the trend is one of continuous increase 
in fluctuations with Reynolds numbers. 

The drop in the level of fluctuations for Reynolds number range of 200 - 250 has 
been reported by Williamson (1996b) for a circulax cylinder. The reason is conjectured to 
be the following. The change from Mode-A* to Mode-B instability is characterized by the 
change in the spanwise wavelength from 3 to a range 1. 2-1.4. This change in wavelength 
from a higher to a lower value reveals the presence of finer or smaller scales in Mode-B. 
These finer scales correspond to smaller spatial fluctuations and high frequency eddies. 
On the other hand, the higher wavelengths correspond to low frequency eddies. These 
are related to larger coherent structures which are responsible for larger fluctuations at 
the transitional Reynolds number, i.e., when three-dimensionality is initiated. With the 
further increase in Reynolds number, the fluctuations increase owing to the stretching of 
the primary vortices. 

Another reason for higher fluctuations at higher Reynolds numbers (>300) can be 
attributed to the following: The primary vortices with opposite sign come closer to each 
other near the wake centreline and interact more intensely as compared to the case when 
they are apart. The interaction of the coherent structures is governed by tearing and 
pairing (Hussain, 1983). These produce newer structures at other scales. As a result 
of this complex interactions, the size of the fluctuations increase. In most cases, twin 
peaks are present in the near-wake. At x=6.0 (Figure 5.2.20(c)), there are twin peaks 
in the fluctuations at all Reynolds number except 250. The far-walce however shows 
different behaviour. The streamwise fluctuations far downstream (x=14.0) show two or 
more peaks (Figure 5.2.20(d)) upto a Reynolds number of 175, beyond which only single 
peak is observed. This phenomenon may be explained in the following way. At a lower 
Reynolds number, two rows of vortices of opposite sign are shed from the top and^ the 
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Figure 5.2.20: Variation of tire streamwise velocity fluctuation for different Reynolds 
nxunbers at different locations: (a) z=0 (b)‘ 1.0 (c) 6.0 and (d) 14.0. 
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bottom surfaces of the cylinder. These vortices travel downstream parallel to the wake 
centreline. The flow structure is predominantly non-overlapping. But at higher Reynolds 
numbers (>200), the vortices with opposite sign come closer in the fax-wake and move 
along or parallel to the centreline. As a result, the net fluctuations are high and show a 
single peak. 

The evolution of the streamwise component of velocity is shown in Figure 5.2.21(a). 
The magnitude of the negative velocity in the recirculation bubble is high for the transi- 
tional Reynolds number of 175. The recovery rates for each Reynolds number are prac- 
tically equal and the streamwise velocity reaches its asymptotic limit at axound x=5. 
There is a trend of slight decay for the Reynolds numbers of 150 and 175. The length 
of the recirculation region varies considerably with Reynolds number. It is the smallest 
for a Reynolds number of 325 (=1.74) and highest for a Reynolds number of 250 (=3.1). 
Figure 5.2.21(b) depicts the evolution of the streamwise normal stress (u'^) with Reynolds 
number. As discussed earlier, the fluctuations increase with Reynolds number with the 
exception at a Reynolds number of 250 where the fluctuations locally get reduced. It is 
interesting to see that there axe two peaks in the fluctuations at a Reynolds numbers of 
250 whereas at other Reynolds numbers, only a single peak is seen. It is to be noted 
that for the Reynolds number of 175, there is an increase in the streamwise fluctuations 
in the far- wake. The reason for this trend may be attributed to vortex dislocation which 
creates large-scale structures. Such structures spread rapidly along both the spanwise and 
streamwise directions. The asymptotic limit of the fluctuations following the initial decay 
near the peak is greater at higher Reynolds numbers. In summary, vortex dislocation 
does not affect the time-averaged flow field, though its influence is prominently seen in 
the time-averaged fluctuations. 


5,2.6 Comparison with a circular cylinder 

The transition phenomena in a bluff body wake particularly for a circular cylinder has 
been studied extensively in the past. Though the macroscopic flow past a square cyhnder 
resembles to that of circular cylinder, there are major differences as far as the separation 
mechanism and the related integral parameters such as Strouhai number, lift and drag 
coefl5.cient are concerned. In this context, it is surprising to note that there is similarity 
between the circular and square cylinders in their transition sequence at low Reynolds 
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Figure 5.2.21: Streamwise variations of (a) streamwise time-averaged velocity and (b) 
streamwise velocity fluctuations at various Re 3 molds numbers. 
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numbers. 

The flow past a circular cylinder experiences a transition to three-dimensionality at 
a Reynolds number of 180 (Williamson, 1988b). Noack and Eckelmann (1994) have found 
analytically this Reynolds number to be 170. The Floquet stability analysis carried out 
by Henderson and Barkley (1996) shows that the critical Reynolds number corresponding 
to three-dimensionality is 188.5. The present study indicates that the critical Reynolds 
number lies between 150 and 175 for a square cylinder. 

The wake of a circular cylinder undergoes a series of transition with respect to 
the formation of the secondary spatial structures having different spanwise wavelengths. 
The transition to three-dimensionality is sensitive to various factors such as upstream 
conditions and end conditions of the cyflnder. WilHamson (1996a) has reported a spanwise 
wavelength of 3.0-4.0 at a Reynolds number of 189-194 for Mode-A and 1.0 at a Reynolds 
number of 250 for Mode-B for flow past a circular cylinder. Numerical calculation and 
experiments of Zhang et al. (1995) have shown that the wavelengths are 4 for Mode-A 
and 1 for Mode-B at Reynolds numbers of 200 and 240 respectively. Henderson (1996) has 
has found that Mode-A is triggered at a Reynolds number of 195 and the corresponding 
wavelength is 3.96. This study also shows that the wake of the cylinder has a Mode- 
B pattern at a Reynolds number of 265 with a spanwise wavelength of 0.822. Brede 
et al. (1996) have reported Mode-A at a Reynolds number range of 160-240 for flow 
past a circular cylinder and the corresponding wavelength is 4.5. At a Reynolds number 
greater than 240 the pattern was found to be Mode-B with a spanwise wavelength of 1. 
The spanwise wavelength in the present study has been found to be 3.0 for Mode-A and 
the corresponding Reynolds number is 175. Mode-B does not have a constant spanwise 
wavelength but falls in the range of 1.2-1. 4 at a Reynolds number of 250. 

The instantaneous contours of the secondaxy vortices (wj,) in Mode-A have been 
found to be of alternate sign along the cyhnder axis (Figure 5.2.2(b)). These contours axe 
similar to those observed by Zhang et al. (1995) for a circulax cylinder. The structures 
of secondaxy vortices in Mode-B of the present study (Figure 5.2.4(b)) are also similar to 
those of Zhang et al. (1995). 

The wake of the square cylinder experiences intermittent low frequency pulsation 
a,t deflnite Reynolds numbers. This phenomena has been attributed to the formation 
of large-scale irregularities, namely vortex dislocation. The flow irregularity has been 
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reported by many researchers in the past. Roshko (1954) observed a low frequency in- 
termittency in the wake of a circular cylinder. Subsequently, Bloor (1964) explained the 
low frequency pulsation as the cause of three-dimensionality. Williamson (1992) has also 
observed low frequency fluctuations in an extensive set of experiments. This is clear from 
the Figure 4 of his paper which describes the downstream decay of streamwise fluctua- 
tions at a Reynolds number of 183. Henderson (1996) has reported similar fluctuations 
in lift and drag coefficient at a Re)molds number of 1000. The fluctuations of lift co- 
efficient (Figure 20, Henderson (1996)) are similax to Figure 5.2.9 of the present study. 
The contours of the secondary vortices of the present study clearly show the formation 
of dislocation at the mid-span. A similax pattern has been reported from experiments 
by Towfighi and Rockwell (1994) for dislocation in flow past an oscillating cylinder. An 
important characteristic of a dislocation is its high spanwise spreading rate. Figure 6(b) 
of Williamson (1992) shows this phenomenon and is remarkably similar to Figure 5.2.7(c) 
of the present study. 

The transition sequence to three-dimensionality reported by Williamson (1996b) 
for circular cyhnder is 2D->A-^A*->B. In contrast, the present study shows that this 
particulax sequence for a square cylinder to be 2D— ^A*— >-B. 


5.2.7 Closure 

A numerical study of three-dimensional flow past a square cylinder in the Reynolds number 
range of 150 - 325 has been reported. The flow is seen to be predominently two-dimensional 
at a Reynolds number of 150. At a Reynolds number of 175, the flow is three-dimensional, 
with two possible modes labeled Mode-A and Mode-A*. In Mode-A, a three-dimensional 
structure with a spanwise wavelength of 3 is formed. In Mode-A*, this is accompanied by 
intermittent large-scale irregularities identified as vortex dislocation. The time for which 
vortex dislocation persists is 10-12 times the shedding period. At all Reynolds numbers, 
the flow is shedding dominated, and hence by the spanwise vortices, three-dimensionality 
being superimposed on this flow field. 

It is important to know the extent of influence of three-dimensionality on the time- 

averaged flow field, forces and decay rates of vorticity. The numerical results of the present 
work show that: 
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1. Transition to three-dimensionality occurs at a Reynolds number between 150 and 
175. 

2. Flow at a Reynolds number of 175 shows intermittent low frequency irregularities 
and consequent two distinct modes namely, Mode- A and Mode- A*. 

3. Vortex dislocation possibly occurs as a result of vortex merging in the span wise 
direction. 

4. Flow at a Reynolds number of 250 reveals Mode-B having a finer-scale compared to 
Mode- A. 

5. The spanwise wavelengths corresponding to Mode-A and Mode-B are 3 and 1.2-1.4 
respectively. 

6. The effect of three-dimensionality is prominent for the drag coefficient because of 
phase shifts along the length of the cylinder. 

7. The various three-dimensional modes affect the time-averaged fluctuations though 
these do not have any effect on time-averaged flow field. 
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5.3 Vortex Structures and Kinetic Energy Budget 
in Two-Dimensional Flow 


This section is aimed at understanding the role of the periodic components on momentum 
transfer in l ami nar wake of a square cylinder. Further, their similarity to the periodic 
components in turbulent flow, obtained by phase averaging has been explored. To under- 
take this study, the square cylinder is taken to be exposed to a fully developed approach 
flow at the inflow plane of the channel. The Reynolds number based on the cylinder width 
and the average velocity considered in the numerical study is 100. The results of the nu- 
merical simulation have been analyzed to determine the characteristics of vortices, the 
statistics of the velocity fluctuations, the overall topology of the wake and the individual 
contributions to the kinetic energy budget. 

The relevant dimensions pertaining to the present study axe: L=40, La=6.0, and 
H=10 (Figure 1.3). The boundary conditions employed for the present investigation are: 

• Top and bottom boundaries (at y=±H/2): u=u=0 (no-slip condition) 

• Channel inlet: u=u(j/) (fully developed), u=0. 

The experiments of Cantwell and Coles (1983) were conducted in a wind tunnel, 
with the approach velocity being a constant and no confining boundaries. Numerical 
experiments carried out in the present work show only a weak influence of the side 
walls on the near-walce structure. 

• Channel exit: Convective boundary conditions of the Orlanski type (Orlanski, 1976) 
has been used. 

• Obstacle: No-slip boundary conditions are used for the velocities on the obstacle 
surface. 

The discretization of the convective terms in the momentum equations are per- 
formed by a third order scheme (Kawamura et a/., 1986). The time step employed in the 

compntation is of the order of 10~^. 

For the computation^ the flow domain is divided into a number of cells, the, cell 
aspect ratio being unity in all the calculations. A uniform mesh has been used throughout 
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the domain. In order to achieve a grid independent solution, computations have been 
performed for two different meshes with 642x162 and 402x102 grids. The time-averaged 
drag coefficient (Cd) on a 642x162 grid was found to be 2.97 and on a 402x102 grid was 
2.92, a difference of less than 2 percent. Results presented here are for a 402x102 grid 
at Reynolds number of 100. The entire set of calculations was repeated at a Reynolds 
number of 150 and the results obtained were found to be practically identical to those of 
a Reynolds number of 100. Hence the present study may be considered to have a range 
of validity of 100<Re<150. For Re>180, Williamson (1988b) has shown a transition to 
three-dimensionality for a circular cylinder^ and the results of the present work are not 
expected to carry over. 

The full code has been extensively tested against other numerical solutions and 
experimental data. The comparison for flow past a square cylinder at a Reynolds number 
of 21400 is presented in Section 5.7. For example, Figure 5.7.4(a) shows the comparison 
of the time-averaged streamwise component of velocity at different locations downstream 
of the cylinder. The experimental data of Lyn et al. (1995) and the LES calculation of 
Wang et al. (1996) are also superposed on this figure. The agreement between the present 
computations and the reference data can be seen to be good. 

Calculations for the this study were carried out on a DEC-ALPHA machine with 
32MB RAM and 125MHz processor speed. The typical CPU time on a 402x102 grid was 
found to be 2 hours per cycle of vortex shedding. All results have been discussed on the 
basis of data generated after 30 such cycles. 

As already discussed, in the wake of a bluff-body flow the time-varying component ^ 
(for example, velocity and pressure) may be written as the combination of the global mean 
component 4>, a periodic component ^ and a random component 4>" (Hussain, 1983). 4>" 
refers to turbulent flow alone whereas cf) and are common for both laminar and turbulent 
flows. In the present study, 4>" is negligible at a Reynolds number of 100 and correlations 
that defines the stress tensor have been formed using Specifically, a terms such as uv 
is calculated as ^ {u -u){v -v)dt, where the integral is evaluated by direct summation 
over 30 (or greater) cycles. 

Results obtained by direct numerical simulation are discussed here for the flow past 
a square cylinder placed centrally in a parallel plate channel at a Reynolds number of 


^Section 5.2 shows transition to occur for a square cylinder when 150<Re<175. 
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100. The flow past a circular cylinder beyond a Reynolds number of 180 has been shown 
to be three-dimensional by Williamson (1988b). Hence the flow pattern in the present 
work is expected to be two-dimensional at a Reynolds number of 100. Further, the flow is 
expected to be laminar in the sense that the flow variables axe composed of a time mean 
and a periodic part, the random component being zero. 

For the present configuration, the Strouhal number and drag coefficient were de- 
termined as follows. The Fourier transform of the signal of the transverse component of 
velocity in the near-wake was computed and the power spectrum was determined. The 
spectrtim was seen to have only one dominant pealc corresponding to the vortex shedding 
frequency. This confirmed the periodicity of the flow field. The Strouhal number based 
on this frequency was found to be 0.238 for fully developed and 0.17 for uniform inflow 
conditions. The drag coefficient was determined by integrating pressure on the forward 
and rear faces of the cylinder. The viscous contribution was found to be negligible in 
the present work (around 5% for parabolic and 8% for uniform flow condition at inlet) 
The drag coefficient was calculated to be 2.92 for fully developed and 1.62 for uniform 
inflow conditions. The rms values of fluctuating lift and drag were calculated as 0.52 and 
0.04 respectively. Detailed experimental results at such a low Reynolds number as 100 
are not available. Okajima (1982) has obtained a value of 0.15 for Strouhal number at 
a Reynolds number of 100 in an unconfined wake. This is consistent with the value of 
0.17 obtained by the present authors, the increase being due to the wake confinement in 
a channel. Davis et al. (1984) report a drag coefficient of 1.6 at Re=100 from numerical 
studies. Hence the present calculation is generally in agreement with the published data. 


5.3.1 Wake dynamics at a low Reynolds number 

The present study is concerned with the structure and energetic interactions in the wake. 
Thus, the focus is primarily on the flow details and axe discussed in detail below. Fig- 
ure 5.3.1 shows the trajectory of the point of peak vorticity with time. It is clear from 
the figure that the vortices move away from the centreline at the very beginning. Subse- 
quently, they come closer to the centreline and finally travel away and leave the domain in 
a direction paxaJlel to the main flow. Hence, a vortex shed on the lower side of the cyfin- 
der leaves the physical region at a point above the cylinder axis (also see Figure 5.3.9). 
Initially, the vortices at the base of the square cylinder, namely the region between the 
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Figure 5.3.1: Trajectory of vortex peaks. The vortex moves parallel to the wake centreline 
in the far-wake. 


wake stagnation point and the rear surface remain relatively inactive. Later these vortices 
accelerate and move with constant velocity into the far-wake. Figure 5.3.2 shows a plot of 
the x-coordinate of the peak vorticity (xp) with time. The slope of the Xp—t graph gives 
the celerity (c^;) of the vortex associated with the peak vorticity. In the base region (ap- 
proximately x<2.5) the celerity Cx is found to be 0.69 whereas in the near- and far-wake 
(x>2.5) the value remains a constant at 1.30. This value is somewhat higher compared 
to a value of 0.85 presented in the literature (Lyn et a/., 1995). The reason is that in the 
present computation, the inflow condition has been taken to be fully developed and not 
a constant. The y-direction celerity Cy fluctuates as the vortices travel downstream and 
becomes zero before the vortices leave the physical domain. 

Figure 5.3.3 depicts the decay of peak vorticity ([wpl) of the total flow field with 
the downstream direction. The decay is related to viscous diflFusion primarily in the 
transverse direction. In the base region the decay rate is very high. The decay of vorticity 
with distance (Figure 5.3.3) has been fitted with a curve of the form \up\ = 4.79e~°-^2®=" ■+ 
0.3x°-^®, ±4.6 %. The decay rate calculated from this curve by differentiation is presented 
in Table-5.3.1. The decay rate itself diminishes with distance, showing that vortices are 
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Figure 5.3.2: Variation of streamwise location of vortex peaks with time. The streamwise 
vortex celerity near the cylinder (base region) is less than that in the near- and far-wake 
(a:>2.5). 



transported by advection in the far-wake. 

5.3.2 Profiles of time-averaged flow field and stresses 

The time-averaged velocity profiles behind the cylinder at specified downstream locations 
have been exhibited through Figures 5.3.4 ajid 5.3.5. The velocity profiles were seen to be 
symmetric about the centreline of the channel. Hence only the lower half of the channel 
has been shown in these figures. Results have been presented for the near-wake alone, 
that is x<7, where x is measured from the centre of the cylinder. An examination of Fig- 
ures 5.3.4 and 5.3.5 shows the following: Just above the cylinder (x=0), the acceleration 
of flow due to blockage of the channel produces streamwise velocities greater than 1.5 and 
transverse velocities in the negative direction. The blockage effects continue to be felt in 
the base region (2;=1.0) but for x>2, a wake-like behaviour is seen. In particular, one 
can notice reversed flow conditions and positive values of the transverse velocity, charac- 
teristic of fluid entrainment by the wahe. This is consistent with an increase in wake size 
with distance. At x=7, the velocity profiles attain an element of similarity. In particular. 
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Figure 5.3.3: Downstream decay of peak vorticity. The decay of vortices in the down- 
stream direction is attributed to viscous diffusion at low Reynolds number. 


Table 5.3.1: Decay Rate of Peak; Vortices 


Streamwise 

Location 

Peak 

Vorticity 

% of 
Decay 

1.95 

4.16 

9.06 

3.45 

3.63 

8.85 

6.35 

2.85 

7.80 

9.25 

2.32 

6.42 

12.05 

1.98 

4.98 

14.85 

1.76 

3.59 

17.65 

1.61 

2.36 

19.05 

1.57 

1.83 
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Figure 5.3.4: Time-averaged profiles of streamwise velocity component at different x- 
locations. 



Figure 5.3.5: Time-averaged profiles of transverse velocity component at different x- 
locations. 
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UU 


Figure 5.3.6: Time-averaged profiles of streamwise normal stress component at different 
x-locations. 


the transverse velocity component becomes small and the streamwise component displays 
a wake region near the centreline and the related velocity deficit, while the outer region 
appears parabolic and fully developed. Over a distance of x=l to 7, the centreline ve- 
locity changes from —0.035 to 1.36, the variation being very rapid upto x=3. Using eye 
judgment, one can deduce the wake size at i=7 based on the mean flow to be around 4 
units, 2 units on each side of the centreline. 

The profiles of the stress terms Su, m, — uu associated with the periodic compo- 
nents of velocity have been shown in Figures 5.3.6, 5.3.7 and 5.3.8. The streamwise and 
transverse normal stresses uu and vv are both large in the near- wake (s^2) but decay 
rapidly with distance in the flow direction. The transverse profiles show that uu is small 
on the centreline and attains a maximum away from it. This point moves outwards for 
locations further downstream. In contrast, peak values vv occur at at the axis itself. The 
shear stress — uu is zero at the axis and attains its highest magnitude away from it. This 
maximum value also decays with the downstream distance. All three stresses clearly de- 
marcate the wake boundary, outside which they are zero. The wake sizes corresponding to 
uu, OT and -uu are 5.0, 4.0 and 4.2 respectively and thus marginally higher than the wake 
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size for mean flow. Thus velocity fluctuations penetrate deeper into the outer flow. This 
could be due to shear in the mean flow associated with fully developed inflow conditions. 

It is of special interest to relate the sign of the time-averaged streamwise velocity 
gradient (|^) with that of —uv. Comparing Figures 5.3.4 and 5.3.8, the signs of each of 
them can be seen to be negative. One can then conclude that the generation of veloc- 
ity fluctuations in the wake follows a process akin to that in near-parallel shear flows, 
boundary-layers for example. 

The decay of the periodic components with distance does not automatically indicate 
the process of viscous dissipation. As proposed by Townsend (1949) for turbulent flows, 
the decay in the downstream direction can be associated with transport of fluctuations in 
the transverse direction. Figures 5. 3. 6-5. 3. 8 convincingly show an increase in the magni- 
tude of the stress terms for a given ^-location, as one moves downstream. It is interesting 
to note that the trends seen in these figures are similar to those of Lyn et al. (1995) and 
Cantwell and Coles (1983) for turbulent flow. 

5.3.3 Instantaneous flow field 

Figure 5.3.9(a) depicts the instantaneous vorticity contours and streamlines for a Reynolds 
number of 100 at a nondimensional time of 213 (around 35 cycles). The two quantities 
have been superimposed on each other, with the streamlines shaded. The contour plot 
clearly reveals the alternate shedding of vortices from each side of the cyhnder. The 
repeated rollup of fluid masses are discerned and are visible in the figure. Figure 5.3.9(b) 
demonstrates the threading of the Karman vortex street, namely the continuity of iso- 
vorticity lines over a long distance. Such threading has also been experimentally observed 
by Perry et al. (1982) and Gerrard (1978) for circular cylinders at Reynolds numbers of 
about 100. A major difference between the present calculation for the laminar case and the 
general problem of turbulent flow should be noted. As in Figure 5.3.9, the laminar wake 
remains strongly coherent over a larger distance, at least upto x=33 at Re=100, while the 
degree of coherence is expected to be diminished over a smaller distance, perhaps x>7 at 
higher Reynolds numbers. 

It is clear from the discussions above that the flow in the wake is unsteady, with a 
dominant periodic component superimposed on the mean velocity field. Rms values of 



154 


Results and Discussion 



(a) 



(b) 


Figure 5.3.9: (a) Instantaneous vorticity contours and (b) Schematic of threading process, 
ibe vorticity contour shows coherency of the vortex structure way upto the exit of the 
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Figure 5.3.10: Contours for instantaneous streamwise normal stress. The the instanta- 
neous stress itself show the evidence of the double peaks in the time-averaged profiles of 
streamwise normal stress. 



Figure 5.3.11: Contours for instantaneous transverse normal stress. The the instantaneous 
stress itself show the evidence of the single peak in the time-averaged profiles of transverse 
normal stress. 





156 


Results and Discussion 


the periodic compoiieiit further show cross-wake variations that resemble turbulent flow. 
To explore this aspect further, contours of the stress components associated with the 
velocity fluctuations have been analyzed. Figures 5.3.10, 5.3.11 and 5.3.12 show contours 
of the instantaneous normal stresses uuy and vv as well as the shear stress uv for a 
Reynolds number of 100. As stated earlier, these structures are purely laminar, there 
being no turbulence present in the flow. The streamwise as well as the transverse normal 
stresses are purely positive everywhere. They attain a maximum at the centre of each 
set of closed contours. The peaks in uu above and below the centreline (Figure 5.3.10) 
indicate rotation of the fluid particles with respect to the mean flow. The simultaneous 
appearance of contours of uu above and below the wake centreline is a confirmation of this 
quantity becoming zero on the centreline. In contrast, the transverse stress vv attains 
a maximum on the centreline. The consecutive sets of vv (Figure 5.3.11) form closed 
contours spanning both halves of the wake. Clearly positive and negative peaks in the 
time trace of v occur only along the centreline. Figures 5.3.10 and 5.3.11 show symmetry 
of the normal stresses about the centreline of the wake. This is generally in agreement with 
experiments of Cantwell and Coles (1983) for a circular cylinder at a Reynolds number 
of 140000. However, the water tunnel experiments of Lyn et al (1995) with LDV for a 
square cylinder (Re=21400) show asymmetry in the streamwise normal component of the 
stresses to an extent of 50%. A possible reason for the discrepancy could be a high inlet 
turbulence leve^'^ 2%) in these experiments. 

A detailed comparisons of contours of the instantaneous shear stress uv between the 
present computation and the experiments in the turbulent flow is presented next. The 
experimental contours have been obtained by phase-averaging the instantaneous signals 
recorded at different points in the wake. The contour plots of experimental and numerical 
data are shown in Figures 5.3.12(a-c). The numbers mentioned at the bottom of the 
figure are purely dimensionless. In the computational results (Figure 5.3.12(a)), positive 
and negative contours are respectively marked by solid and dashed lines. Essentially, 
two contour shapes are to be demarcated in Figures 5.3.12. One is an elongated shape 
spanning the entire width of the waie and the other is a closed contour on one half of the 
wake alone. The slope of the elongated contour alternates in sign but is generally hcis the 
same magnitude in the flow direction. Many of these features are seen to carry over to 
the experimental results, though the magnitudes of the dimensionless shear stress increase 
with Reynolds number. The instantaneous shearing stresses {uv) determined numerically 
(Figure 5.3.12(a)) are antisymmetric about the wake centreline. These can be explained 
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Figure 5.3.12: Contours for instantaneous shear stress: (a) present computation, (b) 
Cantwell and Coles (1983) (c) Lyn et al. (1995). The stronger instantaneous shear stress 
in the present calculation is due to the Mowing: (i) the inflow is parabolic whereas the 
data of Lyn et al. (1995) is for uniform inflow (ii) the phase-averaged fax-wake flow field 
at higher Reynolds number becomes weak because of higher incoherence and the large 
number frequencies present in the far- wake. 
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Figure 5.3.13: Contours for time-averaged streamwise normal stress. The symmetry about 
the centreline with double peaks on either side of the cylinder shows the two axray of 
vortices traveling parallel to the waJce centreline. 


as being due to the independent influences of a strong and a weak x-momentum fluxes 
towards and away from the wake centreline respectively. 

Further appreciation of Figures 5.3.9-5.3.12(a) can be gained from the fact that 
the numerical results have been plotted for a particular time instant. Hence they are 
in complete correspondence with one another. Figures 5.3.12(b) from the experiment 
of Cantwell and Coles (1983) and Figures 5.3.12(c) from the experiments of Lyn et ah 
(1995) may be compared with Figure 5.3.12(a). The experiments were conducted at a 
much higher Reynolds number of 10^ where the wake was definitely turbulent. As stated 
earlier, the experimental results in Figures 5.3.12(b) and 5.3.12(c) show phase-averaged 
contours and consequently that the random components do not appear in these figures. It 
is for this reason that the laminar flow computations of the present study can be directly 
compared with the experimental data of turbulent flow. An important conclusion to 
emerge here is that the flow structures in the turbulent flow reveal a striking similarity 
with those of the fluctuations in the laminar flow. 

An overlapping comparison of Figures 5.3.9, 5.3.10 and 5.3.11 reveals that vorticity 
peaks coincide with regions where uu and vv are small. In other words, the flow properties 
remain correlated at all instants of time and further, from one cycle to the next. In view 





(vVrain^VVrmxA^^) = ( 0 . 01 , 0 . 66 , 0 . 01 ) 


Figure 5.3.14: Contours for tim^averaged transverse normal stress. The sing e pe ^ _ _S 
the centreline of the wake is the consequence of the contribution of transverse velo y 
from either row vortices moving parallel to the wake centreline. 


of the periodicity of the fluid motion, the tim^weraged quantities of aU the three strrases 
show significant contributions from the fluctuations. This point is taken up next for 

analysis. 


5.3.4 Time-averaged flow fluctuations 

Figure 5 3.13 shows contours of tim^averaged stmamwise normal stress M m the wake of 
the square cylinder. This quantity is aero at the centreline throughout the sheddmg eye ^ 
As a result the map is symmetric about the wate centreline and exhrb.ts a peak on eac 
side The contribution of the normal stresses 55 at the centrehne .s pcsittve. as the - 

4 - u rtTiT’farn values throughout the shedding cycle (Figure 5-3.1 ) 
stantaneous counte^ait has no 

and consequently s ows a smg e contribution at the wake centreline 

similar to the streamwise component and experiments of Cantwell and 

(Figure 5.3.15(a)). This data "" “Xe^experiments exhibit trends similar to the 
Coles (1983). Fisnre 5..15( ) ^ ,,,, ,, ,een reported by Lyn et 

laimnar computation, es comparison. In the present study, all 

. :air:—: we/as .e thn^ayemged parts (., ^ are 
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Figure 5.3.15: Contours for time-averaged shear stress: (a) present computation and (b) 
Cantwell and Coles (1983). ^ ^ 
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found to be symmetric about the centreline. This is supported by the circular cylinder 
experiments but not those with the square cylinder. On the whole however, the conclusion 
to emerge from the present study is that laminar periodic flow behaves qualitatively the 
same way as fully turbulent phase-averaged flow. 

Zhou and Antonia (1993) have reported the magnitude of circulation and its decay 
in the wake of a circular cylinder at a Reynolds number of 5600. Circulation being the 
integral of vorticity over a closed contour, vorticity and circulation are interrelated. It may 
however so happen that with the decrease in peak vorticity there will be no change in the 
circulation. The reason could be that there is an increase in vortex area (example, wakes 
where fluid entrainment causes the vortex to grow in size) while there is the decrease in 
peak vorticity. On the contrary, the decrease in circulation means the decrease in peaJk 
vorticity. Subject to these conditions, circulation reported can be immediately compared 
with data in Figure 5.3.3. A direct comparison between the two sets of data shows that 
the dimensionless vorticity in laminar flow (present) is higher compared to turbulent 
flow in Zhou and Antonia (1993). A possible explanation for this result is that flow at 
low Reynolds number is two-dimensional in nature and does not encounter the three- 
dimensional vortex-stretching mechanism. The latter is present in all experiments, and 
can be dominant at high Reynolds numbers. Other relevant factors are; (i) Vortex cores 
of opposite sign overlap and lead to cancellation of vorticity. This is more probable in 
turbulent flow owing to the random fluctuations, (ii) Vortex interactions such as tearing 
and pairing are primarily responsible for a faster vortex decay in turbulent flow. On the 
other hand, vorticity diffusion is the only mechanism available in laminar flow to increase 
the vortex-area, reduce the peak-vorticity but keep the circulation relatively constant. 


5.3.5 Ancdysis of the kinetic-energy equation of velocity 
fluctuations 


In light of certain similarities between time-periodic laminar flow and turbulent flow in 
the wake of a square cylinder, it is pertinent to examine the kinetic energy equation 
of the velocity fluctuations for the present problem. The time-averaged kinetic energy 
equation for the fluctuating, self-sustained osciUatory component of the velocity is given 
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by (Majumdar and Amon, 1997) 






1 dui 
Re dxj 


(5.3.1) 




V 


In the above equation, q^/2 {=UiUil2) is the fluctuating kinetic energy, -UiUj is the shear 
stress associated with oscillatory motion, u7 is the time-averaged velocity of the base flow 
and Re is the Reynolds number. Term I signifies the rate of change of kinetic energy 
associated with the fluctuating components of velocity of a fluid particle as it moves 
from one location to the next. Term II relates to the work due to the total pressure 
(static-l-dynamic) on the fluctuations. Term III represents the production mechanism 
of the fluctuating velocities mainly from the shear in the base flow. Production due to 
normal and shear stresses axe also accounted for in Term III. Term IV represents viscous 
diffusion, a quantity generally not of importance at high Reynolds numbers. This term, 
however, is important in certain regions of the wake at low Reynolds numbers. Term V 
accounts for the viscous dissipation of the kinetic energy to the internal energy of the 
fluid. 


It is weU known that as the waJke evolves with distance, it approaches equilibrium 
in the sense that the production and dissipation terms (III and V) become close to each 
other and other terms become negligibly small. This is the condition of a fully developed 
turbulent flow. In the neax-wake, both diffusion and dissipation axe small (except in 
narrow regions such as shear layers) and energy transfer mechanism involves advection 
(I), the work done by pressure fluctuations (II) and production (III). The near-wake 
features are common to both laminar and turbulent wakes. 

Term II is not properly understood and permits several interpretations. For example, 
it can be thought of as work done. by pressure fluctuations, transport of total pressure by 
velocity fluctuations or simply as diffusion of kinetic energy. Application of divergence 
theorem on this term will yield the following situation. The volume integral will be 
expressible in terms of a surface integral. The integral will be zero if the stresses do mot 
perform any work on the surface. This explains why Term II can be associated with the 
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work done by pressure fluctuations. For any general flow situation scaling may be used to 
establish the relative importance of the different terms in Equation 5.3.1. For example, 
the pressure work can be estimated as 


dxj 


(Ujp) 


I 


where, is a measure of fluctuations. The pressure fluctuations are of the order of (v^)" 
and I is the local length scale of the flow, which determines the gradients of averaged 
quantities, should be of the order of the large eddy size. Similarly the mean transport of 
the fluctuating kinetic energy by oscillatory motion may be expressed as 


d 


jVkf 

I 


The above two terms have the same order of magnitude and together can be called ^ 
the work due to the total pressure. In this study, the numerical results have been analyzed li 

to appreciate the influence of this term in the kinetic energy budget for the oscillatory ^ 

velocity components in the near-wake. As mentioned earlier, the oscillations are of a low ** 

frequency; high wave-number, small-scale eddies have not been considered in the analysis. 


Individual terms in Equation 5.3.1 have been determined in the present work as a 
part of the numerical simulation. The contour plot of the production of kinetic energy of 
the fluctuating components (Term III) is shown in Figure 5.3.16. The contour lines show 
two different zones. The wake region beyond a downstream distance of a-=3 from the 
obstacle shows uniformly positive values. This indicates that energy from the mean flow 
is being passed on to the fluctuating components by the mechanism of sheax. The zone 
very near the tr ailing edge of the cylinder exhibits negative values signifying a transfer of 
kinetic energy from the fluctuating components to the mean flow and is consistent with 
the initially high decay rates of uu, vv and uv. 


The contours of the diffusion contribution (Term IV) of the fluctuating components 
are shown in Figure 5.3.17. The contours of the diffusion term depict a complex structure 
but show overall symmetry about the centreline. Figure 5.3.17 shows that diffusion is 
significant only in the transverse direction since the wake size is small. More specifically, 
the shear layers, on each side of the centreline are regions having a significant presence of 
diffusion. 
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Solid lines: (min, max, increment) = (0.005,0.453,0.012) 

Broken lines: (min, max, increment) = (-0.094,-0.007,0.012) 

Figure 5.3.16: Contours of the production of kinetic energy of fluctuating velocities. 


Figure 5.3.18 depicts the contours of the rate of dissipation of the fluctuating kinetic 
energy (Term V). Dissipation in the neax-wake is a small quantity when compared to pro- 
duction and advection. It becomes even smaller (along with diffusion) at higher Reynolds 
numbers. The presence of a strong gradient of the fluctuating velocity in the shear layer 
region is revealed through the contours of diffusion in Figure 5.3.17. Dissipation leads to 
loss of kinetic energy and is dominant at sites of large diffusion. This particular fact which 
is evident on compaxing terms IV and V is also revealed through the Figure 5.3.18. The 
core of the wake is a region of high mixing and shows a low rate of dissipation. Although 
the magnitude of dissipation is small in comparison to other terms, it extends to a larger 
downstream distance as compared to other quantities in the kinetic energy equation. 

The time-averaged profiles of individual terms of the kinetic energy equation axe 

f 

respectively shown in Figures 5.3.19(a) and 5.3.19(b) at two different streamwise loca- 
tions, namely a:=l (base region) and x=3 (neax-walce) downstream of the cylinder. From 
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Solid lines: (min, max, increment) = (0.008,0.263, 0.02) x 10”^ 

Broken lines: (min, max, increment) = (-0.602,-0.01,0.02) x 10“^ 

Figure 5.3.17: Contours of the diffusion of kinetic energy of fluctuating velocities 


(min, max, increment) = (0.01,0.46,0.01 )x 10 


5.3.18: Contours of the dissipation of kinetic energy of fluctuating velocities 
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Figure 5.3.20: Streamwise variation of different terms of kinetic energy equation at y=0. 


Figure 5.3.19(a) it is observed that the production (Term III) is quite high and negative 
at the centre (y=0). At point j/=0.79, the production is negligible and the gain by con- 
vection is balanced by the work due to total pressure (Term II). Figure 5.3.19(b) reveals 
that the production reaches maximum positive value near the centre (t/=0) and is prac- 
tically balanced by the work due to total pressure. At a point i/=1.85, the production 
is negligible and the gain by convection (Term I) is balanced by the work due to total 
pressure (Term II). 

The kinetic energy budget along the streamwise direction at the centreline is pre- 
sented in Figure 5.3.20. Convection due to mean motion is significant only in the trans- 
verse direction (as in Figure 5.3.19) and there is no major contribution to the streamwise 
variation of total ener^gy. In contrast, the work of pressure fluctuation and the advection 
term are equal but opposite in sign over the length considered. Hence they represent the 
primary mechanisms of energy transport in the streamwise direction in the wake. From 
the above discussions, it is evident that the work done by the total pressure fluctuation, 
convection due to mean motion and the production terms are primarily responsible in the 
near-wake for the exchange of energy between the mean flow and the fluctuations. 
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5.3.6 Closure 

A direct numerical simulation of two-dimensional Navier-Stokes equations for flow past 
a squaje cylinder placed in a channel at a Reynolds number of 100 has been performed 
using a high order finite difference scheme. The instantaneous flow field has been recorded 
after the passage of sufficient amount of time. The results obtained in the study show the 
following. 

1. The wake of the square cylinder is driven by a clear vortex shedding frequency. The 
instantaneous flow field at a low Reynolds number is spatially coherent in nature. 

2. The x-direction celerity is found to vary from 0.69 in the base region to a constant 
value of 1.30 in the far- wake. In the j/-direction, celerity fluctuates in the base region 
due to interaction among vortices and becomes zero in the far-wake. 

3. The phenomenon of sharp attenuation of peak vorticity is observed at the base and 
the near-wake region. 

4. An important result to emerge from the study is that the unsteady periodic oscil- 
latory flow in the wake has great similarity with the phase-averaged high Reynolds 
number turbulent flow. The similarities are in terms of vortex decay owing to trans- 
verse diffusion of the stress components UjUj, instantaneous isovorticity contours, 
instantaneous stress contours and time-averaged contours of the stress components. 
Differences are however seen in terms of the decay rate of circulation downstream 
of the cyhnder. 

5. The kinetic energy budget of the oscillatory components reveals that the convection 
due to mean motion, the production term and the pressure fluctuations play a vital 
role for the energy exchange between the mean and the fluctuating motion. The 
dissipation and diffusion terms are uniformly negligible, except in the region of the 
shear layers. 
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5.4 Comparison of Two- and Three-dimensional 

Models in Low Reynolds Number Transitional 
Flow 


The transition of the two-dimensional to three-dimensional shedding in the wake of the 
square cylinder (Section 5.2) occurs after a Reynolds number of 150. Therefore, above 
this Reynolds number three-dimensionality plays a significant role in deternaining the 
structure of the wake. Studies show that a two-dimensional simulation cannot resolve 
the effect of the three-dimensionality and predicts higher velocity fluctuations. Thus, 
the drag and lift coefficients are also over-predicted. Consequent to the early transition 
to three-dimensionality, results obtained from a two-dimensional simulation past a bluff 
body above a Reynolds number of 150 can be expected to be inaccurate. 

The possible reasons for higher forces in a two-dimensional calculation has been 
demonstrated by different researchers. Chua et al. (1990) reported that the discrepancy 
could be due to the end effects from the termination of the body at the walls of the wind 
tunnel or at the end plates. It has now been established that the end effects can lead 
to different shedding modes, namely oblique and paxallel. These in turn may lead to the 
discrepancy between the two- and three-dimensional simulations. In particular, the two- 
dimensional simulation cannot have a spanwise velocity component that is responsible for 
the Modes-A and B shedding as discussed in Section 5.2. It has been argued that the 
recirculation bubble remains stable due to the equihbrium between pressure and the shear 
stress acting on the bubble. The length of recirculation bubble in turn determines the 
forces on the cylinder. Three-dimensional simulation shows lower shear stresses because 
it can resolve the spanwise component of velocity and diminishes the fluctuations in 
other directions through its mass and momentum conservations across any given control 
volume. Williamson and Roshko (1990) showed that reduction in the measured in-plane 
shear stress with increasing three-dimensionalily leads to a reduction in base suction and 
thus a reduction in drag. 

The bluff body wake is characterized by the roll up of the separated shear layer. In a 
two-dimensional simulation, the vortices roll up very close to the bluff object. This closer 
rolling leads to the smaller vortex formation length^ Chua et d. (1990) have shown that 

iThe vortex formation, length is the distance beyond the cylinder along the wake centreline over which 
the streamwise component of velocity fluctuations attains a maximum value. 
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this smaller vortex formation causes higher suction and thus higher drag. Tamura et al. 
(1990) have concluded that the higher suction and consequently the higher aerodynamic 
forces are due the formation of a larger number of secondary vortices around the bluff 
object. Mittal and Balachandar (1995a) demonstrated the higher aerodynamic forces as 
a direct consequence of the higher shear stresses in a two-dimensional simulation. 

The present study is aimed at the comparison of flow structures in the wake of 
a square cylinder by solving numerically the two- and three-dimensional Navier-Stokes 
equations. The possible cause for the differences between the two paradigms has been 
investigated with the help of the mean flow and pressure equations and the vortex stretch- 
ing mechanism. The comparison has been presented in terms of the normal and shear 
stresses, mean flow, instantaneous flow and signal traces. The Reynolds number consid- 
ered in the analysis is 250. The specific reason for choosing this Reynolds number is the 
fact that it is within the transitional regime where large differences in the flow structures, 
the rms values of the velocity fluctuations and the aerodynamic forces are observed. 

The geometry (Figure 1.3) for the present study is the same as that considered 
in Section 5.1 for the two-dimensional model. However, the three-dimensional model 
has a spanwise length of 6 cylinder widths while the other dimensions are similar to 
the two-dimensional model. Both the two- and three-dimensional computations have 
been carried out over a grid having 218x104 cells. For the latter, the third dimension 
overlaps the span of the cyhnder and has been divided into 22 uniformly spaced planes. 
The other two directions have nonuniform grids generated by a proportional increase in 
the grid size. For grid independence test, the two different grids used are 218x104 and 
436x208 in two-dimension and 178x80x22 and 218x104x22 in three-dimensions. Grid 
independence tests described in Sections 5.1 and 5.2 show that both the computations 
are grid independent with a maximum discrepancy in their respective time-averaged drag 
coefiicients of less than 2%. The boundary conditions used in the present section has 
been discussed in Section 5.1 for the two-dimensional model and Section 5.2 for the three- 
dimaisional model. 


5.4.1 Time traces of selected flow properties 

Figure 5.4.1(a) shows the comparison of the time evolutions of the lift coefficient obtained 
by the two- and three-dimensional simulation. It is evident that amplitude of the force 
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Figure 5.4.1: Comparison of time evolution of (a) lift and (b) drag coefficients obtained 
by two- and three-dimensional simulation. Though the tim^averaged values are nearly 
equal for the two, the rms values are higher in two-dimensions. 
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Table 5.4.1: Comparison of Lift & Drag Coefficient and Strouhal Number 



S 

Cd 

Oh 

Oh 

2D 

0.142 

1.77 

0.145 

0.830 

3D 

0.150 

1.72 

0.044 

0.183 


fluctuations is greater in the two-dimensional case compared to the three-dimensional. 
The possible reason for the higher amplitude of lift coefficient is discussed later. Fig- 
ure 5.4.1(b) depicts the time signal of drag coefficient for the two cases. Though there is 
little difference in their time-averaged values, two-dimensional computation gives a higher 
amplitude. It is of great interest to note that both the lift and drag coefficients initially 
(after the computation has been started with identical quiescent conditions) show similar 
temporal variation upto a nondimensional time of 50. This is due to the fact that flow is 
initially two-dimensional even in a three-dimensional geometry. Once three-dimensionality 
sets in, the behaviour of the flow becomes different from that of the two-dimensional coun- 
terpart. 

The evolution of three-dimensional flow from a two-dimensional state is shown in 
Figure 5.4.2 through the time-trace of spanwise component of velocity at two different lo- 
cations (ar=2.4 and 13.7). Below a nondimensional time of 50, the flow is two-dimensional 
in nature and the spanwise component of velocity is zero. Figures 5.4.1 and 5.4.2 con- 
firm two-dimensionality of the threerdimensional computation at an early time. Table- 
5.4.1 shows the comparison of different parameters computed in two- as well as three- 
dimensional geometries. Since the Reynolds number chosen is very close to transitional, 
there is only a small change in the time-averaged drag coefficient. The rms values of the 
lift and drag coefficients however vary significantly. The reasons for these differences can 
be explained as follows. 

The Poisson’s equation for pressure can be written after talcing the derivative of 
each momentum equation with respect to its direction and adding them up as 
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Figure 5.4.2: Evolution of spanwise velocity at locations x=2.4 and 13.7. The fluctuations 
in the fax-wake is damped down due to nonlinear interactions leading to tearing of the 
larger vortices. 


The instantaneous pressure in the above equation can be written as the sum of the 
time-averaged and fluctuating parts. Time-averaging this equation gives the Poisson’s 
equation for mean pressure. The fluctuating pressure equation for incompressible flow can 
be obtained by subtracting the time-averaged equation from the instantaneous equation 


as 


av ^ 


dxi 


dxi dxj dxi dxj dxidxj 


But on the wall or very near it the above equation simplifies to 

d^p' d'^ 


dxi dxidxj 




(5.4.2) 


(5.4.3) 


On the other hand the mean flow equation can be written as 

d 


dxj 


( — ^ ^ 4- ^ ^ (u'u') 


(5.4.4) 


The above equation for mean momentum can also be written in terms of normal 



174 


Results and Discussion 


stresses and the vorticity components as 


d dp I d^Ui 




(5.4.5) 


Comparing Equations 5.4.4 and 5.4.5, we get 


_d_ 

dxj 


i<Uj) = + ^ijkiuyk) 


(5.4.6) 


The second term on the right hand side in Equation 5.4.6 is like a Reynolds stress 
term and the gradient of which can be thought as representing a diffusion phenomenon. 
The two-dimensional model has a higher vcdue of this term compared to the three- 
dimensional model. The two-dimensional model shows higher Reynolds stresses because 
(1) it has less diffusion due to non-availability of the third direction, and (2) all components 
of vorticity are active in three-dimensions. In effect, the right hand side of Equation 5.4.3 
is lowered in two-dimensions. Since Equation 5.4.3 is of a Poisson type, one can directly 
conclude^ that the magnitude of pressure fluctuation is higher in a two-dimensional model. 

The shear stress is related to normal stresses (|u' u' ) and vortex stretching forces 
In the two-dimensional simulation, the spanwise component is absent and the 
vortex stretching force terms can be written as u'cu' and u'cu' for the u- and u-momentum 
equations respectively. But in three-dimensions, all the terms of vortex stretching force 
are retained. Due to the presence of all the terms in Equation 5.4.6, the difference in 
shear stresses is evident in two- and three-dimensions. 


5.4.2 Evaluation of vorticity and pressure fields 

The spanwise time-averaged vorticity contours for the two- and three-dimensional simula- 
tion are shown in Figures 5.4.3(a) and 5.4.3(b) respectively. Both the contours reveal the 
formation of separated sheax-layers from the top and bottom leading edges of the square 
cylinder. The separated shear layer in the case of a three-dimensional simulation extends 
to a larger streamwise distance compared to the two-dimensional counterpart. The elon- 
gated shear layer which gives a longer mean recirculation region in the three-dimensional 


recourse to the maximum principle for PDEs. 
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Broken lines: (wminj^^max, Aw) = (0.6,15.0,1.2) 
Solid lines: (^^rnin^^^max, Aw) = (-13.8, -0.6, 1.2) 



Broken lines: (winiii,wmax, Aw) = (0.6,15.0,1.2) 
Solid lines: (oimin^^^max, Aw) = (-13.8, -0.6, 1.2) 


Figure 5.4.3: Time-averaged vorticity contours for (a) two-dimensional and (b) three- 
dimensional simulation. The larger length of the shear layer in case of three-dimensional 
simulation shows the presence of streamwise diffusion due to velocity- vorticity interaction. 
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simulation contributes a smaller drag coefficient compared to two-dimensions. This elon- 
gation is due to the increased diffusion in the three-dimensional flow, as can be seen in 
the following mathematical argument: 


The vorticity equation can be written as (Tennekes and Lumley, 1983): 


du; 




doji dui - - 

dt dxj dxj dxj 


(5.4.7) 


Decomposing the instantaneous vorticity and velocity components into the time-averaged 
and fluctuating components and time-averaging, one can get the mean vorticity equation 


as 


duji 


- = -A (“>•') + 


“'fe,- 


dx 


d f—. — -\ dui 






( 5 . 4 . 8 ) 


The first two terms on the right hand side behave like diffusion terms since they 
resemble Reynolds stresses. The second term is due to vortex stretching and is completely 
absent in two-dimensional flow. This indicates the higher diffusion in a three-dimensional 
flow leading to a lengthening of the sheax layer. 


Figure 5.4.4 shows the instantaneous spanwise vorticity contours in two- (Fig- 
ure 5.4.4(a)) as well as three-dimensions (Figure 5.4.4(b)). There are significant differ- 
ences between these two instantaneous fields in many respects. The vortices in the three- 
dimensional geometry are closer to being symmetric about the wake centreline throughout 
the domain whereas in two-dimensions, no such symmetry is seen. The coherence of the 
vortices in the two-dimensional simulation is evident along the length of the physical 
domain. However, three-dimensional' simulation shows coherence only in the near-wake 
(r<10) and fax-wake reveals complex interactions such as pairing and tearing of vortices. 
Such complex interactions axe possible due to the presence of other two secondary vortices 
which distort the primary vortices. The faster decay of spanwise vortices (Figure 5.4.4) 
in the three-dimensional simulation is due to the fact that the complex interactions tear 
off the primary vortices to multiple smaller vortices. These smaller vortices decay faster 
owing to the viscosity of the fluid. It is also seen that the walce width is larger in the 
three-dimensional simulation. This observation is supported by the mean velocity profiles 
discussed in a later pciragraph. 

Figure 5.4.5 illustrates the instantaneous pressure contours at a predetermined in- 
stant of time. The pressure contours corresponding to the two-dimensional case do not 
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Broken lines; (c^min.^max, Aw) = (0.2, 5.0, 0.4) 
Solid lines: (wmin,a;max, Aw) = (-4.6, -0.2, 0.4) 



Broken lines: (wjnjujWmax? Aw) = (0.2, 5.0, 0.4) 
Solid lines: i ^max? Aw) = (—4.6, —0.2, 0.4) 


Figure 5.4.4: Instantaneous vorticity contours for (a) two-dimensional and (b) three- 
dimensional simulation. Two-dimensional flow shows higher coherence and asymmetry 
compared to three-dimensions. The higher coherence is due to the absence of three- 
dimensionality which leads to vortex stretching and make the flow field complex by gen- 
erating secondary vortices. 
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iPmm,Pmzx,^P) = ( 0 . 06 , 1 . 5 , 0 . 06 ) 


{Pmm,PmBX,Ap) = ( 0 . 16 , 1 . 5 , 0 . 056 ) 


Figure 5.4.5: Instantaneous pressure contours for (a) two-dimensional and (b) three- 
dimension^ simulation. The coincidence of pressure mini ma, with vorticity maxima shows 
the correctness of the numerical simulation. 
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show any regular pattern of vortex shedding and reveal that there is no uniformity in 
the decay of pressure along the streamwise direction. Similair to vorticity contours, these 
distributions also show asymmetry about the walce centreline. On the other hand, three- 
dimensional simulation predicts a uniform decay of pressure maxima and shows the al- 
ternate staggered array of pressure contours whose minima coincide with that of pealc 
vorticity. The correlation between the peak vorticity and pressure minima is a confirma- 
tion of the correctness of the numerical simulation. 


5.4.3 Time- averaged flow field 

There are significant differences between the flow fields of the two- and three-dimensional 
simulation. Figure 5.4.6. The streamwise velocity profiles (Figure 5.4.6(a)) in the trans- 
verse direction at some selected locations (a;=0, 1, 2, 4 and 6) have been compared. There 
is no difference at z=0 between the two simulations whereas at other locations, differences 
specially near the wake center can be seen. The reason for a good match at x=0 can be 
understood by the fact that the incoming flow is almost two-dimensionaF. The velocity 
profile at x=l for the three-dimensional simulation is a flatter in the central region of 
the wake. The minimum value of the velocity at this location is higher compared to the 
two-dimensional counterpart. The comparison in terms of the transverse velocity profiles 
gives more insight into these differences. The transverse velocity profile is presented in 
Figure 5.4.6(b). At all the streamwise locations, differences between the two simulations 
can be seen. The transverse velocity at z=0 and 1 are in the outward direction away 
from the wake centreline. But the direction of this component of velocity reverses for 
x=2 onwards. The extent of entrainment of fluid into the wake (z>2) differs between 
the two simulations and gives rise to a longer recovery length for the three-dimensional 
case. Figure 5.4.6(c) depicts the centreline recovery of the streamwise velocity. The meajQ 
recirculation length (as determined from the recovery graph) for the three-dimensional 
simulation is more than that for the two-dimensional case. The recirculation lengths in 
the two cases are 2.98 and 2.08 respectively. However, two-dimensional simulation shows a 
stronger back flow. The recovery rates of the streamwise velocity in both cases are nearly 
equal and both the simulations attadn an asymptotic value of 0.84 (two-dimensional) and 
0.81 (three-dimensional) in the intermediate-wake. 


^Ttansition to three-dimensionality occnring in the wake of the cylinder. 
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(c) 


Figure 5.4.6: Comparison of time-averaged profiles: (a) streamwise velocity and (b) trans- 
verse velocity at various locations and (c) centreline recovery of streamwise velocity. (Line: 
Two-dimensions, Symbol: Three-dimensions) 


The fluctuating field shows remarkable differences if the three-dimensional flow past 
the square cylinder is simulated by using the two-dimensional Navier-Stokes equations. 
The velocity fluctuations play a major role in determining the lift and drag forces and 
the mean flow distribution through an indirect influence on pressure. Specifically, the 
three-dimensional flow involves vortex stretching, and determines the proper distribution 
of the shear stresses. Though the consequences of vortex stretching are more significant 
in turbulent flow, they should also be considered in the case of self-sustained oscillations 
as in the bluff body wake. The vortex stretching phenomenon is intense in the base region 
(x<4) where all the three components of the vortices are present. Here the vortices are 
produced and grow to maturity. Thus, three-dimensionality of the near-wake becomes 
prominent. 

Figure 5.4.7 shows the distribution of two normal stresses and the shear stress in 
the wake. The plot of the streamwise velocity fluctuation (Figure 5.4.7(a)) shows that the 
three-dimensional fluctuations are weaker compared to the two-dimensional counterpart. 
From Figure 5.4.7(a), it is also evident that all the locations reveal similax variatio^ 
with differences seen only in their magnitudes. The possible reason for lower values of 
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Figure 5.4.7: Comparison of time-averaged profiles of (a) streamwise normal stress (b) 
transverse normal stress and (c) shear stress. (Line: Two-dimensions, Symbol: Three- 
dimensions) 

in the case of the three-dimensional simulation is that the two shed vortices (also present 
in two-dimensions) are damped through stretching of the core vortex, thus leading to 
fluctuations in the direction orthogonal to the two-dimensional case. 

It is to be noted that the wake-width in terms of fluctuating streamwise velocity is 
greater in the two-dimensional simulation compaxed to the three-dimensional. Both two- 
as well as three-dimensional simulations show that the streamwise velocity fluctuation ex- 
hibits symmetric double peaks about the wake centreline. The magnitude of fluctuations 
in both the simulations initially grows with the downstream direction (upto the vortex for- 
mation length). However, the fluctuations diminish with further increase in downstream 
distance. The variation of the transverse component of velocity fluctuations in the trans- 
verse direction has been depicted in Figure 5.4.7(b). Unlike the streamwise component, 
the transverse velocity fluctuation shows a single peak and is also symmetric about the 
wake centreline. As with the streamwise component, it is lower in magnitude in three- 
dimensions in comparison to two-dimensions. Figure 5.4.7(c) demonstrates the transverse 
variations of shear stress at different locations. Within the mean recirculation zone, the 
shear stress in the two- and three-dimensional computations differ significantly. However, 
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Figure 5.4.8: Transverse variation of -r-, and u'^ at a location a:=4.0. It is interesting 
*= dy dy^ 

d^u 

to see that fluctuations are the highest at the points of inflexion (-^ =0). 


good comparison between the two is observed outside the recirculation zone. The weaker 
normal and shear stresses within the recirculation zone may be due to the severe three- 
dimensionality in the transitional three-dimensional flow in the base region of the wake. 
This phenomenon can be attributed to the fact that the spanwise velocity fluctuation is 
the highest in the recirculation region and drops subsequently in the downstream. It is 
interesting to note that the wake-width varies with respect to each component of velocity 
fluctuations in the case of two-dimensional computations and gives wider wake-widths in 
terms of the streamwise normal stress and shear stress than that in terms of the trans- 
verse normal stress. However, three-dimensional computations consistently show equal 
wake- width for each component of velocity fluctuations. 

It has been noted earlier that the normal and shear stresses in the three-dimensional 
model are smaller compared to two-dimensions. There is well-established theorem in sta- 
bility analysis that two-dimensional disturbances have a higher growth rate compared to 
three-dimensional disturbances (Squire’s theorem; Drazin and Reid, 1984). This theorem 
is valid for the initial period of the growth of disturbance. In the near-wake of a square 
cylinder (where vortex formation takes place), disturbances in the form of fluctuations can 
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be thought of growing from a small to mature fully developed fluctuations in the down- 
stream. It is thus to be expected that the fluctuations are higher in the two-dimensional 
sinaulation compared to three-dimensions. 

The present computation shows that the peaks in the streamwise velocity fluctuation 
is located at a transverse location which corresponds to the point of inflexion of the mean 

streamwise velocity profile. Figure 5.4.8 shows the transverse variation of — — , — — and 
dy dy^ 

u'^ at a location x=A. It is evident from the figure that the maximum of occurs at the 
transverse locations where -r— changes its sign and — is a maximum (or a minimum 
below the wake centreline). At other locations, similax variations have been observed. 
It can be proved mathematically that at the point of inflexion, the production of the 
streamwise normal stress is the highest. The proof of this maxima is cleax from the 
following discussion: 


The production of streamwise normal stressess for a two-dimensional flow can be written 
as (Amano and Goel, 1984): 

—du 
V— 
dy 


r. - 72 ^ 

P.- = aj 


(5.4.9) 


The cross-gradient of the production term is 


57 


- -u'^ 


— s- d^u du'^ du du'v' du ——d^u 




dxdy dy dx dy dy 


U V 


dy^ 


(5.4.10) 


The shear stress u'v' may be written as 'd^' i^t>0 in a shear flow config- 

uration. Quantities such as (^, and ^^) are small at distances away from the 

® ^ d'^u 

wake centrehne. Further, at the point of inflexion the quantity ^=0- Therefore, at the 
point of inflexion 


A 

dy 


[P^a) = 0 


which shows that production attains a maximum value at this point. Similarly it can also 
be proved that the production of the transverse normal stress is a maximum at the wake 
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centreline. It can also be shown that the maximum value of the shear stress occurs at the 
inflexion point. 

Figure 5.4.9(a) shows the variation of the streamwise normal stress along the wahe 
centreline (t/= 0). The vortex formation length, defined as the distance at which u'^ is the 
highest, differs significantly for the two simulations. The corresponding peaJc values are 
also quite different. The vortex formation length (/„/) for the two- and three-dimensional 
computations with their respective peak magnitudes are /„/=!. 88 with u'^=0.216 and 
/„/=3.23 with u'^=0.104 respectively. A similar plot corresponding to the transverse 
component has been depicted in Figure 5.4.9(b). The downstream locations at which 
they attain maximum values axe also not equal, with differences seen in their respective 
peak magnitudes. Unlike the streamwise component, shows a slower decay of its 
magnitude after attaining a peak. The transverse component of velocity fluctuation is 
associated with the fluid entrainment. Thus entrainment of the fluid inside the wake 
continues over a larger streamwise direction. The positions and magnitudes of the peak 
values for the two- and three-dimensional computations are x=2.82 with u'^=0.472 and 
s=3.23 with u'^=0.33 respectively. 

The spatial distribution of the fluctuating velocity components shows distinct dif- 
ferences between the two simulations. Figure 5.4.10 shows such a distribution for the 
streamwise velocity fluctuations. Both simulations show similar qualitative behaviour of 
symmetric double peaks about the waJce centreline. But a closer investigation shows that 
the two-dimensional simulation (Figure 5.4.10(a)) produces stronger fluctuating field com- 
pared to the three-dimensional counterpart ((Figure 5.4.10(b)). The higher fluctuations 
lead to higher aerodynamic forces on the cylinder. The peaks in the streamwise velocity 
fluctuation are larger compared to the three-dimensional calculation. This is consistent 
with the observation of a higher fluctuating velocity in the two-dimensional simulation. 
The maximum value of the velocity fluctuation in two-dimensions is about two times 
higher than its three-dimensional counterpart. 


Figure 5.4.11(a) depicts the contours of the transverse component of the normal 
stress, for the two-dimensional simulation. The three-dimensional simulation gives a lower 
peak value at a farther streamwise location (Figure 5.4.11(b)). One salient feature to 
be noted is that the peak fluctuations axe closer to the cylinder in two-dimensions. Fig- 
ures 5.4-12(a-b) show the spatial distribution of the shear stress for the two simulations. 
As for streamwise normal stresses the two-dimensional simulation gives peak shear stresses 
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(a) 



Figure 5.4.9: Comparison of streamwise variations 
wake centreline: (a) streamwise component and ( ) 
dimensions, Symbol; Three-dimensions) 


of velocity fluctuations along the 
transverse component. (Line: Two- 
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(min, max, increment) = (0.012,0.3,0.012) 



(min, max, increment) = (0.007,0.175,0.007) 


Figure 5.4.10: Comparison of spatial distribution of streamwise fluctuations {u'^): (a) 
two“<iiiii€iisioiial and (b) three-dimensional simulation.. 
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(min, max, increment) = (0.018,0.45,0.018) 



(min, max, increment) = (0.012,0.30,0.012) 


Figure 5.4.11: Comparison of spatial distribution of transverse fluctuations (u'^): (a) 
two-dimensional and (b) three-dimensional simulation. 
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Solid lines: (min, max, increment) = (0.004,0.11,0.009) 
Broken lines: (min, max, increment) = (-0.100,-0.004,0.009) 


Solid lines: (min, max, increment) = (0.004,0.09,0.007) 

Broken lines: (min, max, increment) = (-0.083,-0.004,0.007) 

Figure 5.4.12: Comparison of spatial distribution of shear stress (i?i7): (a) two- 

dimeasional and (b) three-dimensional simulation. 
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very near the cylinder. The three-dimensional simulation does not show this trend. The 
peak value of u'v' is also higher for the two-dimensional simulation. The higher drag 
coeflS-cient and the fluctuating aerodynamic forces in two-dimensions can be summarized 
to be due to the following reasons: 

1. higher fluctuating components of velocity which affect the base pressure distribution 
on the cyhnder surface. 

2. shorter spread of the fluctuating flelds neax the cylinder which in turn affect the 
pressure field on the suction side of the cylinder. 

5.4.4 Closure 

Two- and three-dimensional models of the wake of a square cylinder at a transitional 
Reynolds number of 250 show significant differences. The differences are mainly due 
to the higher fluctuations associated with the two-dimensional model. The following 
conclusions emerge from the comparative study. 

1. The fluctuations are higher in the two-dimensional model which lead to higher rms 
fluctuations of forces, while the mean value is unaffected. 

2. The three-dimensional model shows longer shear layer due to the presence of diffu- 
sion like terms in the mean vorticity equations. 

3. The fluctuations in the three-dimensional model are smaller due to increased diffu- 
sion arising from the extra strain rates that couple velocity and vorticity. 

4. The higher fluctuating forces in case of the two-dimensional model are attributed 
to the higher stochastic velocity fluctuations and the higher and closer distribution 
of shear stresses around the cylinder. 

5. The position and magnitude of the peaks are different for the two models. In 
thret^dimensions, the peaks are smaller and are located farther downstream of the 

cyhnder. 

6. The fluctuations are the highest at the points of inflexion. 
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5.5 Influence of Inlet Shear on the Structure of 
Wake 


The flow past a square cylinder caja be expected to be sensitive to inflow conditions such 
as nonuniform upstream velocity, turbulence level and the end conditions. The section 
is aimed at estimating the influence of upstream shear on the wake structure and the 
aerodynamic forces. 


Two-dimensional numerical simulation of flow past a square cylinder exposed to 
imiform shear flow has been performed for the geometry shown in Figure 1.3. The above 
work has been taken up to analyze the forces on the cyhnder and the structure of the 
wake for varying shear strength. The computation has been caxried out for a Reynolds 
number range of 250 to 1500. Two nondimensional paxameters which govern the flow 
around a square cylinder with uniform inlet shear are the Reynolds number, Re and the 
shear parameter, K. These are defined as 


Re = 



and 



Uav 


where the uniform shear at the inflow plane is given as 

u(y) = Uav + G{y - 0.5H) 

Here the transverse velocity gradient on the inflow plane is G, the width of the obstacle is 
B, the average velocity is u^v and H is the transverse dimension of the domain of interest. 

The boundary conditions employed for the above investigation are: Top and bottom 
boundary are modeled as the ffee-slip condition. Uniform shear with vanishing transverse 
velocity has been used in the inlet boundary. The convective boundary conditions of the 
Orlanski type has been employed on the exit plane. No-slip boundary conditions are used 
for the velocities on the obstacle. 

For computation, the flow domain has been divided into number of square cells. A 
umform mesh of 402 x 102 grids has been used. In order to achieve the grid independent 
solution, computations were performed for a mesh with 642 x 162 grids. The time-averaged 
drag coeflficient value was seen to differ by less than 2 percent. Finally a mesh size of 
402x102 was chosen for all the computations. Computations have been carried out in a 
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Table 5.5.1: Variation of vortex strength with distance in the downstream behind the 
obstacle. Re=500, ii'= 0.0 


Distance behind 
the obstacle 

l^^^lpeak 

0.085 

4.80 

0.505 

3.16 

1.015 

2.68 

1.535 

2.30 

2.065 

2.02 


domain of length L — 40 and transverse width H= 10 . The study has been caxried out for 
a single blockage ratio namely 0 . 1 . 

5.5.1 Wake details 

Figure 5.5.1 illustrates the computational results for a Reynolds number of 500 for a 
square cylinder placed in a uniform flow. A Karman vortex street is formed behind the 
cylinder at this moderately high Reynolds number (Figure 5 . 5 . 1 (a)). In such a situation, 
the spanwise vortices in the near-wake are convected in the downstream of the cylinder. 
Figure 5 . 5 . 1 (b) presents the instantaneous spanwise vorticity at a prescribed time instant. 
The negative vorticity corresponds to clockwise rotation and is indicated by solid lines, 
whereas the positive spanwise vorticity corresponds to counterclockwise rotation and is 
indicated by dashed lines. As expected, it is seen in Figure 5.5.2(b) that the convected 
vortices are shed in an alternating sequence. The peak value of the counterclockwise 
vortex core decreases with increasing downstream distances from |w 3 |pgajj= 2.68 at x= 1.02 
to |a;^|pga^}j=2.02 at x=2.07 behind the obstacle. An interesting feature of vortex signature 
is the coincidence of pressure minima with the centre of the vortices at any streamwise 
location (Figure 5 . 5 . 1 (c)). The peak value of the vorticity decreases with downstream 
distance, a trend that can be attributed to vorticity diffusion. Table-5.5.1 shows the 
variation of peak vorticity with the distance in the downstream behind the obstacle. 

Table-5.5.2 shows the variation of mean and mas values of the lift and drag coeffi- 
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(a) 

(V'mm^ma^.AV-) S (1.90 X 10-^ 0.500, 0.014) 



(b) 

Broken lines: (tt;niin,(^max 5 Aw) = (0.1,34.2,1.9) 
Solid line: (wminj^^max. Aw) = (-30.2, -1.8, 1.9) 



(c) 


(Pmin>Pmax5 A^) = (4.99 X 10 ^,1.574,0.054) 


Figure 5.5.1: Instantaneous (a) strea m l in es (b) vorticity contours and (c) pressure con- 
tours for a Re3Tiolds number of 500 with ii'^O.O 






(b) 

Broken linesi = (0.1,28.5,2.0) 

Solid lines: (wmin, w^ax, Aw) = (-40.4, -1.9, 2.0) 


Figure 5.5.2: Instaataneous (a) streamlines and (b) vorticity contours for a Reynolds 
number of 500 with jK’=0.2 
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Table 5.5.2: Effect of shear on the Strouhal number, mean and rms values of drag coeffi- 
cient and rms values of lift coefficient 


Reynolds 

numbers 

Re 

Shear 

parameters 

K 

Strouhal 

numbers 

S 

Mean Drag 
coelB cients 

Cd 

Rms Drag 
coefficients 

Rms Lift 
coefficients 

C'l 



0.187 

1.486 

0.053 




0.186 

1.473 

0.038 




0.185 

1.464 

0.031 

0.381 


0.15 

0.182 

1.463 

0.038 

0.400 



0.180 

1.471 

0.059 

0.438 



0.189 

1.612 

0.116 




0.188 

1.599 

0.092 

0.561 



0.185 

1.591 

0.072 

0.563 


0.15 

0.181 

1.589 

0.065 

0.586 



0.178 

1.596 

0.081 

im^mi 


0.0 

0.187 

1.714 




0.05 

0.185 

1.703 



750 

0.10 

0.181 

1.697 

0.100 

0.649 


0.15 

0.176 

1.698 

0.087 

0.678 


0.20 

0.173 

1.704 

0.101 

0.715 


0.0 

0.190 

1.817 

0.165 

0.710 


0.05 

0.189 

1.815 

0.146 

0.685 

1000 

0.10 

0.184 

1.810 

0.116 

0.691 


0.15 

0.180 

1.813 

0.099 

0.725 


0.20 

0.177 

1.822 

0.112 

0.769 


0.0 

0.191 

1.838 

0.167 



0.05 

0.189 

1.834 

0.156 


1250 

0.10 

0.187 

1.835 

0.132 

0.714 


0.15 

0.181 

1.836 

0.110 

0.754 


0.20 

0.178 

1.845 

0.119 

0.803 


0.0 

0.194 

1.848 

0.166 

0.761 


0.05 

0.187 

1.846 

0.159 

0.757 

1500 

0.10 

0.185 

1.845 

0.139 

0.735 


0.15 

0.179 

1.846 

0.115 

0.776 


0.20 

0.176 

1.856 

0.125 

0.825 


cients and Strouhal number for different Reynolds numbers at different shear parameters. 
The trends corresponding to K=Q are in good agreement with the results of Davis and 
Moore (1982). In engineering terms, Table-5.5.2 shows that the time-averaged quantities 




















5.5 Influence of Inlet Shear on the Structure of Wake 


197 


are not unduly sensitive to the shear parameter. The time-averaged lift was uniformly 
small over the complete range of parameters studied and has not been included. However, 
as discussed below, the flow structure shows a strong dependence on inlet shear. Ta- 
ble 5.5.2 shows that the Strouhal number (=/B/ua„, where / is the frequency) decreases 
with increasing shear parameter. In the beginning rms values of lift and drag coefBcient 
decrease with increasing shear parameter upto a certain value and then increases with 
further increase in shear. Similar trends axe also seen in case of the time-averaged drag 
coefficient (Cd)- 

The wake structure at Reynolds number of 500 and K=Q.2 has been depicted in 
Figures 5.5.2(a-b). Figure 5.5.2(a) is a sketch of the instantaneous streamlines while the 
instantaneous vorticity contours at the same time level are shown in Figure 5.5.2(b). The 
most interesting observation is that the counter-clockwise vortices dissipate more rapidly 
in the presence of shear compared to the clockwise vortices as they travel downstream 
of the square cylinder. Finally they breakdown into less intense structures. It is to be 
understood that K=0.2 signifies adding up a strong additional vortical motion (clockwise 
in this study) in the flow field. The present study shows that with a higher shear rate 
the von Karman vortex street is broken down. The counterclockwise vortices are blown 
away obliquely between two consecutive clockwise vortices and mainly clockwise vortices 
prevail in the far-wake. 

The spectra of lift and drag coefficients together with signal traces at Re=1000 for 
various shear parameters are shown in Figure 5.5.3. The spectra have been determined 
using the FFT algorithm. The effect of shearing is observed in the time evolution of 
lift coefficient. For increasing value of the shear parameter the time evolution of the lift 
coefficient gradually tends to show a pure sinusoid. The time evolution of drag coefficient 
shows the presence of multiple frequencies for all the shear parameters. It is to be noted 
that (see Figure 5.5.3(a)) one period in the shedding cycle (during which two alternate 
vortices are shed) is the time between similar adjacent peaks in the lift curve. The 
instantaneous drag thus oscillates at twice the frequency of the lift. Figure 5.5.3(a) shows 
the presence of one dominant frequency (Strouhal number around 0.2) with side bands. 
Otherwise all the lift coefficient spectra show the presence of one doimnant frequency 
which becomes more pronounced with inlet shear. On the other hand the drag coefficient 
spectra have multiple dominant frequencies. For uniform flow, the drag coefficient spectra 
show multiple frequencies. For the shearing inlet cases, the drag coefficients continue to 
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Figure 5.5.3(b): for caption see next page 






5.5 Influence of Inlet Shear on the Structure of Wake 


201 


have multiple frequencies but the side bands progressively disappear. 


5.5.2 Closure 

Uniformly sheared flow past a square cyhnder has been investigated using the two- 
dimensional form of the Navier-Stokes equations.The important conclusions to emerge 
from the study axe the following: 

1. With increasing inlet shear the time evolution of the hft coeflBcients gradually tends 
to show a pure sinusoid and the drag oscillates at twice the frequency of the lift. 

2. Strouhal number decreases with the increase in shear parameter. The mean and 
rms values of the drag coefficient decrease with increase in shear parameter upto a 
certain value, but increase with further increase in the shear parameter. The rms 
values of the lift coefficient show a similar behaviour. 

3. At higher shear, the von Karman vortex street breaks down and clockwise vortices 
mainly prevail in the far-wahe. 
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5.6 Numerical Study of the Partially Enclosed 
Turbulent Unsteady Wake using RANS 


The present and the two following sections evaluate the wake of the square cylinder at high 
Reynolds numbers. The essential difference between low and high Reynolds numbers is the 
following; In the former, the flow in the boundary layers around the cylinder is laminar. 
The wake is laminax as well, though it is subjected to temporal and spatial transitions. 
The far-wake may however display turbulence like behaviour. At high Reynolds number, 
the flow is turbulent everywhere, including the boundary layers, sheax layers, recirculation 
region and the near- and far-wakes. Thus, the grid has to be sufficiently small to resolve 
the fine length and time scales, or alternately a suitable model has to be employed to 
represent the turbulent phenomena. The present section adopts the second approach to 
characterize the high Reynolds number wake^. 

The two-dimensional numerical simulation at a high Reynolds number has been 
carried out in the present section. The performance of three turbulence models of the 
k-t type have been compared for flow past a square cylinder. The models selected are 
the original (standard) k-e model (Launder and Spalding, 1974), k-e with Kato-Launder 
modification for stagnation regions (Kato and Launder, 1993) and the RNG k-e that has 
been developed with minimal assumptions regarding the nature of flow and geometry 
(Yakhot et aL, 1992)^. The configuration considered in the present work is flow past 
a square cylinder placed centrally inside a channel. The Reynolds number employed 
is 21400, based on the cylinder width and the average inco ming velocity. Under these 
conditions, the flow everywhere may be taken as fully turbulent. The time-averaged 
and rms values of the lift and the drag coefficient, vortex recirculation lengths, Strouhal 
numbers and the time-averaged velocity profiles in the near-wake have been selected as the 
basis of performance for comparison among the three different models. Where appropriate, 
the model predictions have been compared with the experiments of Lyn et a/., (1995). 
Subsequently, the three models have been compared in terms of the instantaneous contour 
plots of the various flow quantities. 


^It is obvious that the wake at high Reynolds number is three-dimensional and should not be solved 
using a two-dimensional model. However, three-dimensional calculations are very expensive. Therefore, 
the present section is also an assessment of the two-dimensional model for handling the high Reynolds 
number complexity. 

^For an interpretation of the k-e equations to unsteady periodic flows, see Section 3.3. 
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The motivation for using the three particular k-e models is the following. The 
standard k-e model, though the oldest can give surprising good results in complex flows, 
provided these have predominantly small-scale turbulence structures. It can be considered 
to be an interpolate of basic experiments from which the model constants have been 
determined. However, the standard k-e model was developed originally in the context of 
thin shear layers and contains a variety of assumptions. These include isotropy in the 
turbulence fluctuations and a well-developed cascade mechanism for transferring energy 
from the largest to the smallest scales. Despite such limiting assumptions, the standard 
model has proved to be robust and with minor modifications, it has been capable of 
predicting low Reynolds number turbulent flows, recirculation zones and relaminarization. 
An exception was however seen in the prediction of bluff body flows, where turbulence 
production in the stagnation region was found to be abnormally large. Consequently, 
vortex shedding was seen to be completely suppressed in certain situations. Two sources 
of errors in the standard k-e model were traced to (i) inadequate grid resolution in the 
stagnation region where the boundary-layer thidcness is very small and (ii) incorrect 
modeling of the pressure-strain correlation. The KaLa model taken up for comparison in 
the present work addresses the second source of error. Here, the production of kinetic 
energy in the stagnation region is smaller, the eddy viscosity is also smaller compared 
to the standard k-e model and hence the shed vortices are no longer weak. As against 
empiricism and intuitive insight of the standard k-e and KaLa models, the RNG k-e is 
derived rigorously from first principles with very little approximation about the nature 
of the flow field and the geometry. It has been tested for curvilinear geometries and in 
those with sudden expansion, hut its performance for strongly unsteady flows, with vortex 
shedding for example, has not been reported. Hence the choice of the RNG k-e as the 
third model for the present simulation. 

The physical problem considered is flow past a cylinder of square cross-section, 
placed centrally in a channel. A uniform mesh with 386x98 cells has been used. The 
obstacle surface, and the top and bottom surfaces are treated as no-slip boundaries. At the 
inlet, the flow enters with a uniform velocity Uav and the prescribed turbulence intensity 

(/ = at the inlet is set to 10%. For the all the computations, the eddy viscosity 

is specified as (i/t/)i/=10 at the inflow plane (Bosch and Rodi, 1996). The value of the 
phase-averaged dissipation (e) is specified using the Liquations 3.17 or 3.18. The wall 
function treatment has been used at all the soHd boundaries for the standard k-e and the 
KaLa models. In contrast, no such treatment has been adopted for the RNG k-e model. 
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The RNG k-t model has been tested on finer grid sizes in order to see the effect of avoiding 
the wall function treatment. The time- averaged drag coefificients were seen to change by 
less than 1.5% for the finest grid used. During wall function treatment, the first set of 
grid points from the wall fell in the range of 10<y+<30. At the outlet, the Orlanski type 
convective boundary conditions (Orlanski, 1976) has been used. 

The time step used for the present simulation for all the three models is 4% of the 
time period of vortex shedding. Each cycle of vortex shedding took about 100 minutes of 
CPU time on a DEC-ALPHA machine having a processor speed of 125MHz and 32MB 
RAM. The time-averaged quantities have been obtained by integrating the instantaneous 
field over a long period of not less than 40 shedding cycles, but without including the 
initial transients. 

In order to achieve a grid independent solution, computations have been performed 
for two different meshes with 386x98 and 330x82 grids for all the three models. The 
time-averaged drag coefficient (^) for the KaLa model on a 386x98 grid was found to 
be 1.971. On a 330x82 grid the value was 1.935, a difference of less than 2 percent. 
For the other models the discrepancy in the predicted values of Cd for the two different 
meshes was also seen to be less than 2 percent. Hence all computational results were 
obtained on the 386x98 grid mesh. 

Three turbulence models, namely the standard fe-e, Kato-Launder (KaLa) and RNG 
k-c have been employed in the present work to simulate the flow past a square cylinder 
placed centrally in a parallel plate channel. The Reynolds nximber based on the cylin- 
der size was set at 21400. Though the flow becomes three-dimensional at a Reynolds 
number of 180 (WiUiamson, 1988b), a two-dimensional simulation has been caxried out 
in the present study. The assumption of two-dimensionality in the simulation can be 
justified in the following way: Issues such as three dimensionality, oscillations in vortex 
shedding frequency and modes of wake formation are related to transition of flow in the 
wake. These cannot be addressed in the context of turbulence models. Instead, these 
models readily provide information having engineering importance, for example lift and 
drag coeflidents, centreline recovery of velocity and the size of the recirculation zone. 
These results can be obtained in a meaningful manner in two-dimensional geometries by 
using the two-dimensional form of the governing equations. The use of k-e family of mod- 
els has an added benefit. Energy transfer in the third dimension that is neglected in a 
two-dimensional formulation is partially accounted for by the dissipation function. Hbnce 
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Table 5.6.1. Stroiilial number and time-averaged drag and coefficients 


Turbulence 

Model 

Strouhal 

Number 

Cd 


Cj) 

c-i, 

Recirculation 

Length 

Standard 

k-e 

0.141 

1.93 

0.002 

0.01 

0.552 

2.22 

KaLa 

0.145 

1.97 

-0.004 

0.02 

0.707 

1.92 

KaLa 

(free-slip) 

(0.142) 

(1.95) 

(0.0004) 

(0.02) 

(0.724) 

(1.92) 

RNG k-e 

0.145 

1.85 

0.003 

0.005 

0.356 

2.62 

Cheng et al. 
(1992), Expt. 

- 

1.9-2.1 

- 

0.2 

0.6 

- 

Lyn et al. 
(1995), Expt. 

0.135 

2.05 

- 

- 

- 

1.38 


certain features of transition are captured by the two-equation models. 


5.6.1 Engineering parameters 


The geometrical parameters related to the present study axe H=8.0, La=8.5, L=32.0 
and B/H=0.125 (Figure 1.3). The pertinent time-averaged parameters of importance in 
engineering that have been computed using the three different models aie listed in Table- 
5.6.1. The computed results have been compared with the experiments of Cheng et al 
(1992) and Lyn et al. (1995). The experimental data of Lyn et al. (1995) has been taken 
from the website. It is to be noted that the experiments of Lyn et al. (1995) were carried 
out in a water channel using LDV, the square cylinder being practically unconfined. The 
lift and drag coefficients in the experiments were determined by the wake survey method. 
In the present numerical calculations, these were obtained by integrating pressure on the 
surface of the cylinder. Hence some differences between the experiments and numerical 
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simulation are to be expected. The dominant frequency was determined by tracking the 
y-component velocity signal just above the centreline of the parallel plates channel. It can 
be seen from Table-5.6.1 that the Strouhal numbers predicted by three dilferent models 
are very close. However, all the three models overpredict the Strouhal number with 
respect to the experimental value of 0.135. Correspondingly, the drag coefficients in the 
wall-bounded case are smaller than those in the experiments with the unbounded cylinder. 
This discrepancy can be partly attributed to the finite blockage of the geometry associated 
with the walls confining the square cyhnder in the present simulation. Taking this factor 
into account, the time-averaged drag coefficient predicted by the standard k-t and KaLa 
models agree quite well with each other and with the experiment. In contrast, the rms 
values of the lift coefficients predicted by different models vary significantly. The r ms 
values of the drag-coefficient for all three cases are uniformly small. Cheng et al. (1992) 
have reported larger rms values of Cjd in their experimental study. The corresponding 
rms values of lift coefficient is reported to be 0.6 and is comparable to the numerical 
predictions. As expected in geometries having overall symmetry, the time-averaged lift 
coefficient is predicted to be quite small by all the three models. The rms values of the 
lift coefficient is smaller in the standard k-e model compared to KaLa, but that of RNG 
k-t is the lowest. This is surprising because there is barely any difference in the shedding 
frequency among the models. 

To check if differences between the numerical predictions and experiments were 
related to the side wall boundary conditions, calculations were repeated with free-slip 
conditions. The lift and drag coefficient as well as the Strouhal number for KaLa model 
with free-slip conditions are reported within brackets in Table-5.6.1. The differences 
between the two sets of calculations can be seen to be very small. 

The following observations can be drawn from the data in Table-5.6.1 

• All the three models predict small time-averaged lift and rms drag coefficients. 

• They predict nearly equal shedding frequencies and hence the Strouhal number. 
These values are smaller than that reported in experiments with an unbounded 
cyhnder. 

• Differences are however seen among the model predictions for the time-averaged 
drag and rms hft coefficients. The rfecirculation length, namely the distance over 
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which the time-averaged s-component velocity on the rear side of the cylinder is 
negative, also shows a considerable variation. The effect of the bounding walls 
is seen to stretch the recirculation zone beyond what is seen in the experiments 
with an unbounded cylinder. This is understandable because the walls lead to an 
acceleration of the flow outside the recirculation region and hence a delay in the 
recovery of the velocity field. 

• Among the three models, the predictions of the standard k-e and KaLa are similar 
and closer to experiments, but those of the RNG k-e are different. Hence as an 
engineering tool, predictions of the RNG k-e are seen to be less satisfantory. 

• Bosch and Rodi (1996) have observed that the standard k-e model is excessively 
diffusive. Hence shedding is very weaJs and the vortex shedding frequency is lowered. 
This has not been borne out in the present work, and the standard k-e is seen to 
be quite good for predicting the Strouhal number. A possible explanation could be 
the choice of the numerical scheme, specifically the details of implementation of the 
boundary conditions, pressure-velocity coupling and the number of grid points. 

Figure 5.6.1 shows the evolution of the lift coefficient with time, as predicted by 
the three models. It is clear from this figure that the RNG k-e model damps down the 
oscillation the greatest while the KaLa model shows the highest amplitude of oscillation. 
The dominant frequencies predicted by the three models axe very close to each other. 
Hence the primary effect of differences in the production and dissipation terms in the 
three models is felt in terms of the amplitude of velocity fluctuations and all related 
variables. If the lift coefficient is taken as a measure of the vortex strength in the near- 
wake, one can conclude that the KaLa model predicts the strongest vortex, the RNG k-e 
the weakest and the standard k-e predicts an intermediate value. 

The streamwise variation of the peak vorticity as determined by the three models 
are presented in Figure 5.6.2(a). The magnitude of the peak vorticity at any location 
downstream of the cylinder (specifically, beyond the recirculation zone) is the highest for 
the KaLa model and lowest for the RNG k-e. This trend is consistent with the earlier 
discussion that pointed out greatest damping in the RNG k-e and the least in the KaLa 
model. The vorticity decay rates calculated from the peak vortices show that in the near- 
wake, the vortices decay fastest in the standard k-e and the slowest in the KaLa model. 
In the far-wake, the decay rates are the highest for KaLa and the lowest for the RNG k-e 
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Figure 5.6.1; Time evolution of lift coefficient: (a) standard k-e (b) KaLa and (c) RNG 
The KaLa model shows higher fluctuations as it can handle the stagnation zone 
properly. 
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Figure 5.6.2: Streamwise variation of (a) peak vorticity and (b) decay rate of peak 
ticity. The RNG k-t shows lower value of peak vorticity due to its higher damping. 
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(Figure 5.6.2(b)). 


5.6.2 Comparison with experiments 

Figure 5.6.3 shows a comparison of the time-averaged streamwise velocity profiles at 
different downstream locations, namely (x=0, 1 and 5) for the three turbulence models. 
The experimental data of Lyn et al. (1995) has also been plotted in this figure. At a 
location of a:=0, the comparison is extremely good except very neax the obstacle surface. 
The discrepancy could be due to inadequate positional accuracy in the experiments on 
one hand and the use of wall functions on the other. At the other two locations, the 
comparison reveals minor differences. A higher blockage due to the channel walls may 
also be responsible for the differences between the numerical simulation and experiments. 
The overall model predictions of the rc-component of velocity however axe sensibly close. 

The numerically obtained time-averaged transverse component of velocity profiles 
at two different locations (x=0 and 5) have been compared with the experiments of Lyn 
et al. (1995) in Figure 5.6.4. At x=0, the three models show good agreement with 
the experiments though the numerical values axe higher in regions near the cylinder. 
Once again, this can be attributed to the finite blockage due to the channel walls in 
the computation as against the infinite medium in the case of experiments. At x=5, the 
results of the standard k-t and KaLa models are closer to the experimental measurements. 
However, those of the RNG k-t differ significantly. 

Figure 5.6.5 shows the time-averaged x-component of velocity variation along the 
centreline y=0. Among the three, the KaLa model displays better agreement with exper- 
iments in the immediate downstream of the obstacle. This could be because the KaLa 
model produces just the right amount of turbulent kinetic energy and helps in retaining the 
periodic fl.uctuations. The periodic fluctuations strongly influence the momentum trans- 
fer between the instantaneous and time-averaged velocity components in the near-wake. 
This indirectly affects the centreline recovery of the time-averaged streamwise component 
of the fluid velocity. 

The comparison between the computations and the experiment with regard to the 
tim^averaged kinetic energy variation along the centreline t/=0 is taken up next (Fig- 
lure 5.6.6). The kinetic energy plotted in Figure 5.6.6 is that of the total velocity fiuctua- 
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Figure 5.6.4: Time-averaged transverse velocity profiles at (a) x=0 and (b) 5.0. 
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Figure 5.6.5: Time-averaged streamwise velocity recovery along the centreline (y=0). 



Figure 5.6.6: Streamwise variation of total time-averaged kinetic energy along the centre- 
line (j/=0). 
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tion «,(= Ui + y-'i) and is defined for the plane channel flows as Hadid et al. (1992) 

A:t = ^ 

using the approximation vP' = l/2(u^ + 'v). In experiments, u and v can be directly 
measured. In computations one can employ the formula 

ifl = {u-\- u'y^ = + 2uu' 


Here u can be determined from the computed velocity velocity (u) by subtracting u, the 
quantity is associated with kinetic energy k of the k-e model and the third term is 
limited by the upper bound 


uu' < 



In the present study, the unbiased estimate 


has been utilized. 



An examination of Figure 5.6.6 shows that the KaLa model predicts the peak value 
of k-r in good agreement with the experiments. The peak: value of fcy due to the RNG k-e 
model shows the greatest departure. The shift in the location of the peak could be due 
to the presence of boundary walls in the computations. A similar trend is to be seen in 
earlier studies as well Hadid et al. (1992), but the shift in the present study is seen to be 
smaller, and hence represents a closer agreement with experiments. 


5.6.3 Contours of instantaneous quantities 

Figures 5.6.7(a-c) shows a compaxison of the instantaneous vorticity contours obtained 
from the three turbulence models. These have been plotted after matching the phases 
(strictly, the minimum value of the Hft coefficient) of the shed vortices in the numerical 
simulation of each model. The vortex shedding phenomenon is clearly visible in the 
three plots and these look qualitatively similar. It may be recalled that the actual flow 
is three-dimensional. The phenomena such as vortex stretching and tilting would be 
expected to occur in such flows. The turbulence models provide a crucial link between 
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Figure 5 6 7- Instantaaeous vorticity contours: (a) standard k-e (b) KaLa and (c) RNG 
k e The standard k-e and KaLa models show almost identical contours with respect 
to contour magnitudes but the RNG k-e model underestimates^ the vorticity magmtudes 
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the two-dimensional paradigm and the observations of shedding in real flows. All the 
three models reveal two-dimensional flow of non-trivial structure. Figure 5.6.8 depicts 
the spatial evolution of turbulent kinetic energy at a selected time instant. The contours 
show that the generation of turbulent kinetic energy is related to the shear in the flow 
arising from the square cylinder. It is clear that the generation of kinetic energy is 
greater in regions where the velocity gradients are high, particularly in the near-wake. In 
the present study, turbulent kinetic energy refers only to that contained in the random 
velocity components. The kinetic energy is uniformly distributed at the inlet and evolves 
downstream of the cylinder in a manner that depends on the distribution of shear in 
the flow. The turbulent kinetic energy grows in magnitude wherever the gradient of the 
phase-averaged velocity is different from zero. Thus it is vigorous in the near-wake of the 
cyhnder. A comparison of Figures 5.6.7 and 5.6.8 shows that the KaLa model retains 
a good correlation between the vorticity and kinetic energy fields through the correctly 
estimated production terms. The correlation is much weaker for the other two models. 

The shear layers in the wake of a circular cylinder are structurally different as 
compared to those of the square cylinder. In the latter, the presence of sharp corners plays 
a central role in determining their location and thickness. At a low Reynolds number, 
boundary-layers originating from the corners on the forward face of the square cylinder 
may reattach over the cylinder surface. Thus wake formation is related to flow separation 
at the rear corners of the cylinder. At a high Reynolds number, as in the present study, 
the reattachment referred above does not take place and the wake originates from the 
corners of the front face of the cylinder. At a very high Reynolds number, the free shear 
layer formed due to forward corner is distinct from the boundary layer that is seen over the 
cylinder surface. The free shear layer forms due to the sharp turning of the fluid at a right 
angle. The net result is that multiple shear zones are formed around the square cylinder, 
whose total thickness far exceeds that of the bormdary-layer. Figures 5. 6.8(a-c) show that 
all the three turbulence models predict shear zones of substantial thickness. All the three 
models reveal small white patches above and below the cylinder where kinetic energy 
is not produced (Figure 5.6.7(a-c)). It can be taken to mean that all the three models 
delineate the outer free shear layer from the inner boundary-layer and thus produce a 
physically meaningful field. 

To take up a quantitative comparison of the three models, consider the range of the 
quantity (Production — Dissipation) in dimensionless form in the kinetic energy equation 
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Figure 5 6 8- Instantaneous turbulent kinetic energy contours: (a) standard k-e (b) KaLa 
and (c) RNG k-t. KaLa model shows better correlation with the vorticity contours. 
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due to the three different models. Referring to Equation 3.11, this is Pk — (e). Intuitively, 
one can associate typical values to this difference with the strength of the vortex generated 
by the square cylinder. For the standard ^-e, the maximum and minimum values in the 
near- wake are 2.28 and -0.34, for KaLa it is 2.46 and -0.35 and for the RNG A;-e, it is 
1.18 and -0.67. Clearly, the strongest vortices axe associated with the KaLa model, and 
the weakest with the RNG k-e model. The minimum values also show that dissipation 
is over-predicted by the RNG k-e model. Consider next the magnitude of the turbulent 
kinetic energy. For the standard k-e model it is 0.0008 and 0.1160, for KaLa it is 0.0005 
and 0.1036 and for RNG k-e model it is 0.0009 and 0.0953. The standard k-e model gives 
rise to a high turbulent kinetic energy near the stagnation zone. The excess of turbulence 
kinetic energy in such flows culminates in a high turbulent viscosity that is capable of 
suppressing the leading edge separation. A similax effect is observed for flows past a 
circular cylinder. Hence the flow field, especially the shear layers axe wrongly predicted. 
The improved prediction of KaLa model in the present context can be attributed to 
improvement in the modeling of flows with normal straining near the stagnation zone. 
Specially, the KaLa model lowers turbulence production in the forward stagnation zone 
and does not damp the velocity fluctuation in the wake. The distribution oi Pk — e as 
well as k axe essentially consistent with the conclusions drawn from Figure 5.6.1. 

An interesting feature predicted by all the three models is the wave-like fluid motion 
at the solid walls of the channel by the vortices shed by the cylinder. As discussed in the 
context of Table-5.6.1, the walls only marginally influence the vortex shedding process. 
The shed vortices in turn drive the boundary-layers, thus creating vorticity and kinetic 
energy at the walls. The sign of vorticity at the two walls are opposite to each other. Hence 
the reinforcement of vorticity is accomplished by vortices of opposite sense, clockwise for 
the top wall and counter clockwise for the bottom. The appearance of the wave-like 
phenomena at the walls will have an impact on the flow development in the far-wake of 
the cylinder. 

The evolution of the instantaneous dissipation predicted by three models is presented 
in Figure 5.6.9. It can be seen that the dissipation is prominent only in the near-wake. 
Dissipation is almost uniform in the far-wake where the phase-averaged shear is not as 
high as in the near- wake. The extent of dissipation is the highest in the RNG k-e and the 
lowest in the KaLa model. 
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turbulent dissipation contours: (a) standard k-€ (b) KaLa 







220 


Results and Discussion 









Results and Discussion 






5.6 Numerical Study of the Partially Endn^ Turbulent 


Unsteady Wake using RANS 223 


5.6.4 Contours of time-averaged, stresses 


The contours of time-averaged streamwise normal stresses (u^) associated with the peri- 
odic fluctuations are presented in Figure 5.6.10. Each model shows symmetric contours 
about the wake centerline and predicts double peaks. The peak value of 5^ calculated 
from the standard k-e model is 0.22. The peaks calculated from the KaLa and RNG k-e 
models are 0.28 and 0.17 respectively. The distance between the rear end of the cylinder 
and the location of the maximum of the streamwise normal stress is somewhat greater 
in the case of RNG k-e model. The wake width corresponding to streamwise periodic 
components is greater in the case of the standard k-e model. The width of the wake 
envelope due to the RNG k-e model cind the KaLa model are nearly equal. 

The transverse normal stresses due to the periodic components of fluctuations con- 
tribute positively to the centreline with a single peak for all the models. The location of 
the maxima follows a trend similar as to the streamwise component. The wake widths of 
the wake measured using P are nearly equal for all the models (Figure 5.6.11). 

The contours of the quantity uv are seen to behave like a shear stress component 
(Figure 5.6.12). However, as far as the mean flow is concerned this term is dissipative. 
Hence, the flow of energy is from the mean flow to the turbulence scales but the reverse is 
not observed. This term has no contribution at the wake centreline. Instead, two peaks 
of opposite signs on either side of the centreline are to be seen. Thus, the trends for the 
time-averaged stress contours show similarity with the corresponding patterns in laminar 
flow. 

5.6.5 Closure 

Numerical simulation using three turbulence models for the configuration of flow past a 
square cylinder placed centrally in a channel is reported. The models considered are the 
standard k-e, KaLa and the RNG k-e. The following conclusion have been drawn in the 
present work. 

1. In terms of engineering parameters such as Strouhal number and lift and drag co- 
efficients, the predictions of the KaLa and the standard k-e are close to each other, 
and reasonably close to experiments performed in an unbounded medium. Those of 
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the RNG k-e are not as close to the experimental values. 

2. A detailed comparison in terms of velocity profiles reveals KaLa to have the closest 
agreement with experiments. This is further reinforced in the centreline profiles of 
the kinetic energy of the total fluctuations. 

3. All the three models show similar instantaneous contours of vorticity. They also 
reveal inter^ting vortex-wall interactions, leading to waves moving along each of 
the walls though with a phase difference. 

4. The time-averaged contours of stresses formed from the periodic velocity compo- 
nents axe symmetric with double peaks for symmetric with a single peak for 
and antisymmetric for uv. These trends are identical to what is observed in laminax 
wakes at a much lower Reynolds number. 
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5.7 ]VIo del- free Computation of High Iteynolds 
Number Turbulent Flow 


The results presented in the previous section are based on the k-c model for turbulence. 
This model has the obvious advantage of not requiring resolution of the velocity and 
pressure fluctuations and hence the turbulent length and time scales. Clearly the focus 
of the model is towards extracting the time-averaged and phase-averaged velocity field, 
turbulence being lumped in the kinetic energy and dissipation variables. The k-t model 
employed in the present study is two-dimensional. 

The k-e approach is not suitable when detailed information is required for the instan- 
taneous three-dimensional velocity and pressme fields. To address this issue, model-free 
computation of the Navier-Stokes equations has been undertaken in the present work. 
The computation has been carried out for a Reynolds number of 21400 at which the flow 
is turbulent in the shear layer, boundary layer and the wake. The computation is model- 
free in the sense that the governing equations continue to be the original Navier-Stokes 
equations with no special provision to handle turbulence fluctuations. The spectra of 
length and time scales are handled by grid refinement on one hand and higher order finite 
differencing on the other. In this sense, the model-free computation is similar to DNS, 
except that the algebraic problem is generated not by the spectral method but by finite 
differences. Using model-free computing, the three-dimensional instantaneous flow field 
at a relatively high Reynolds number has been characterized in the present study. 

The overall geometry considered for computation is essentially similar to the one 
in Section 5.2. The associated initial and boundary conditions are identical to those 
considered in Section 5.2. Instead of the hybrid scheme, the advection terms have been 
discretized using the third order Kuwahara scheme (Kawamura et ai, 1986). Second 
order central differencing has been retained for the diffusive terms. Time marching is 
accomplished by the second order Adams-Bashforth method. No wall function treatment 
has been used for any of the runs. To estabfish grid independence, four different grids 
of increasing fineness have been considered (Runs 1-4). The results of grid independence 
study are summarized in Table 5.7.1. The time step used for the first three runs (Run 1, 
Run 2 and Run 3) is 0.007 and for the last run (Run 4) it is 0.004. The tim^averaged 
flow field is obtained by averaging the flow field over 12-17 cycles. 
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The flow past a square cylinder has been simulated using higher order spatial as 
well as temporal discretization at a Reynolds number of 21400. The relevant dimensions 
related to geometry as shown in Figure 1.3 axe B=1.0, La=6.0, L=20.0, H=10.0 and 
A=6.0. Four grid sizes of progressively increasing fineness have been considered and the 
grid independence study has been carried out. The summary of grid independence study 
is presented in Table 5.7.1. 


5.7.1 Integral parameters 


Table-5.7.1 shows different computations using grids of varying refinement and the cor- 
responding integral parameters, namely the drag and lift coefficients, rms values of the 
drag and lift coefficients, Strouhal number and the mean recirculation length. The table 
also shows the experimental data of Lyn et al. (1995) and the LES results of Wang et al. 
(1996). It can be seen that the time-averaged drag coefficients obtained by various grids 
are close. The r ms values of the drag coefficient however vary significantly. The time- 
averaged and the rms values of the drag coefficient axe higher in model-free computation 
compared to the experiments of Table-5.7.1. The rms values of the lift coefficient for the 
various runs axe also higher for the present simulations. The Strouhal numbers for the 
different grids of the present computation show a small scatter about a value of 0.158 but 
axe higher compared to the experiments and LES results. The possible explanation for the 
discrepancy between numerical computations and experiments could be (i) the blockage 
in the present study is considerably higher and (ii) there is inadequate grid points near the 
obstacle to resolve the steep gradient associated with the near wall flow. The blockage in 
the present study is 10% whereas the blockages axe 7%, 13% and 5% in Lyn et al. (1995), 
Durao et al. (1988) and Wang et al. (1996) respectively. The higher turbulence level 
(=8%) in the work of Durao et al. (1988) leads to a smaller Strouhal number though it 
has higher blockage. The mean recirculation length (Ir) computed in the present study 
is a minimum for Run 3 (=1.12) and maximum (=1.35) for Run 1. These values match 
well with the range 1.33-1.38 recorded in experiments. 

The grid independence study has also been extended to the time-averaged as well as 
turbulent flow field. Figure 5.7.1(a) shows the compaxison of the time-averaged streamwise 
velocity profile at an axial location x=1.5 for the Runs 1, 3 and 4. All the three rims 
show a similar qualitative trend and the recovery of streamwise velocity in the transverse 



5.7 Model-free Computation of High Reynolds Number Turbulent Flow 


227 


Table 5.7.1; Comparison of model-free computations with experiments and LES 


Calculations 

Grid Sizes 

Cl 

Cl' 

Cd 

Cd' 

S 

Ir 

Run 1 

178x80x22 

-0.01 

1.54 

2.62 

0.12 

0.158 

1.35 

Run 2 

218x104x22 

0.03 

1.55 

2.59 

0.16 

0.159 

1.17 

Run 3 

218x104x32 

-0.01 

1.45 

2.58 

0.13 

0.159 

1.12 

Run 4 

240x130x32 

0.03 

1.40 

2.65 

0.13 

0.158 

1.30 

LES 

Wang et al. 


-0.03 - 

1.23- 

2.07- 

0.09 - 

0.13 

0.89- 

(1996) 


0.06 

1.48 

2.67 

0.27 

0.13 

1.26 

Experiments 


Lee (1975) 

2.05 0.23 

Cheng et al. 

(1992) 

0.6 1.9-2.1 0.2 

Durao et al. 

(1988) 

0.138 1.33 

Lyn et al. 

(1995) 

0.132 1.38 
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Figure 5.7.1: Time-averaged profiles of (a) streamwise velocity at x=1.5 (b) transverse 
velocity at x=1.5 and (c) shear stress at x=1.0. 


direction. However, the centreline velocity differs for different grid sizes. A possible reason 
is that in the turbulent mixing zone (-0.5<j/<0.5) the velocity is sensitive to grid size as 
both production and dissipation are dominant along the waJse centreline. The transverse 
velocity profile is depicted in Figure 5.7.1(b) at a streamwise location x=1.5. Runs 1, 
3 and 4 show a closer match compared to the streamwise velocity. The entrainment 
from both sides of the centreline of the wahe is related to the centreline recovery of the 
streamwise velocity. It is clear that larger the entrainment, the higher the recovery rate. 
Figure 5.7.1(c) compares the turbulent (total) shear stress profiles at a location x=1.0 for 
Runs 1, 2 and 4. Run 1 shows a different variation compared to 2 and 4 in the central 
zone of the wake i.e., mixing region. Otherwise, all the runs show a qualitative similar 
trend. Since the flow is shedding dominated, the double-peak antisymmetric variation of 
the shear stress is to be anticipated. There is no basis, however for additional peaks near 
the wake centre unless the location falls with the recirculation bubble . In Figure 5.7.1(c) 
it is likely that x=l is such a location. Thus, the multiple peaks close to t/=0 are justified. 

Hn the recirculation bubble, four peaks induding the maximuin and the nimimum are to be expected; 
outside the number of peaks is 2. 
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In Runs 1 and 2, the peaks are abnormally large, while Run 4 shows a smooth variation. 
A shift of the data towards the prediction of Run 4 with grid refinement is also visible. 

The three-dimensional iso-surfaces of span wise vorticity (co^ = ±0.5) for two differ- 
ent runs (Run 2 and Run 4) are shown in Figures 5.7.2(a-b). Both the figures show a 
prominent Karman vortex street. Run 4 shows an irregular turbulent far-wake compared 
to Run 2. These phenomena can be explained since the resolved length scale is much 
smaller in Run 4 owing to a finer grid, the far-wake having the appearance of turbulent 
flow. Figures 5.7.3(a-b) show the three-dimensional distribution of streamwise secondary 
vorticity (wj, = ±0.5) for the two runs. The two plots show that there is a similarity be- 
tween the two distributions but the strength of the secondary vortex is greater in Run 2, 
owing to the limitation of a partially resolved flow field. Results given below pertain to 
the finest grid, namely Run 4. 


5.7.2 Time-averaged flow fleld 

The time-averaged velocity field is obtained by averaging the flow field over 15-17 cycles. 
This averaging period was found to be good enough for all the velocity components. In 
the following discussion, the time-averaged data obtained from model-free computation 
has been compared with the experiments of Lyn et al. (1995) and the LES results of Wang 
et al. (1996). Such a comparison with the experiments was presented in the Section 5.6 
for the k-e model. It is worth observing that the experimental data is truly a global time- 
average. In contrast, the predictions of the k-e model are to be viewed as phase-averages 
from which the global time-average is to be determined as a second step. The LES 
results quoted in this section axe also global time-averages. The model-free calculations 
predict the instantaneous flow field comprising of the global average, periodic components 
and the incoherent turbulent fluctuations. Each' of these quantities can be recovered 
selectively by using suitable techniques. A further point of comparison is the following. 
The experiments had a low blockage and high upstream turbulence. The LES calculations 
had low blodcage and low aspect ratio and zero upstream turbulence level. In the present 
study, the blockage and aspect ratios are moderate and zero upstream turbulence level. 
While LDV measurements suffer from the need for very long averaging signals, particularly 
in water, LES has potential drawbacks arising from periodicity conditions on the spanwise 
surfaces and grid restrictions. These factors must be considered while evaluating the three 
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Figure 5*7.2: Iso-surfaces of spanwise vorticity ±0.5): (a) Run 2 and (b) Run 4. The 
spanwise vorticity in the far-wake for Run 4 shows broken small-scale structures compared 
to Run 2 where the large-scale coherent structures are seen. 
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(a) 



(b) 


Figure 5.7.3: Isosurfaces of streamwise vorticity (wa;=±0.5): (a) Run 2 and (b) Run 4. 
There is no difference between the two figures except the arrangement of the vortices in 
the spanwise direction. 
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sets of data. 

Figure 5.7.4(a) shows the comparison of the time-averaged streamwise velocity pro- 
file at four streamwise locations, namely a;=0.0, 1.0, 1.5 and 4.0 with the experimental 
results of Lyn et al. (1995) and the LES results of Wang et al. (1996). The results 
at a:=0.0 reveal good comparison except near the boundary of the obstacle where LES 
predicts a stronger flow. The present results are seen to be in better agreement with 
experiments. At x=1.0 and 1.5, all the results are close to one another. At i=4.0, the 
results due to present computation are higher compared to the experiments and LES. The 
reason may be higher blockage in the present study leading to a higher velocity recovery 
rate. The comparison of the transverse component of the time-averaged velocity has been 
depicted in Figure 5.7.4(b). The velocity profile at a location 2 := 1.5 has higher peaks 
in the present study, once again to be attributed to the higher blockage. Figure 5.7.4(c) 
shows the centreline recovery of the streamwise component of velocity for the three ap- 
proaches. The recovery rate of the present work matches well with the experiments and 
LES. However, the asymptotic value of the recovered velocity is somewhat higher which 
oscillates before attaining an asymptotic condition. 


5.7.3 Time-averaged turbulence statistics 

The turbulence statistics referred here is for the total fluctuations (periodic -f random) 
with respect to the time-averaged field. The comparisons has been made with the finest 
grid (Run 4). This is important because the energy cascading mechanism and the ma- 
jor scales of the flow need to be captured. The turbulence fluctuations h^e also been 
averaged over 15-20 cycles. The profiles of the streamwise normal stress u'^ have been 
depicted in Figures 5.7.5(a) for four different locations, namely x=0.0, 1.0, 1.5 and 4.0. 
At the first three locations, the peak values are overpredicted. However, at the location 
x=4.0 a good overall match is seen. Figure 5.7.5(b) illustrates the transverse normal 
stress 17" profile at four locations, x=0.0, 1.0, 1.5 and 4.0. The fluctuations at the first 
two locations (x=0.0 and 1.0) show exceUent agreement with the experiments and the 
LES results. The other two locations overpredict the fluctuations and give higher peaks 
compared to the experiments and LES. Higher blockage in the present simulation can lead 
to higher fluctuations for this componen^ velocity and is a possible explanation for the 
discrepancy. The turbulent shear stress uV profiles for four stations, namely x=0.0, 1.0, 
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Figure 5.7.4: Compaxison of the time-averaged flow: (a) streamwise and (b) transverse 
velocity at locations x=0.0, 1.0, 1.5 and 4.0 and (c) centreline recovery of streanawise 
velocity. The time-averaged flow field shows very good match except the centreline re- 
covery of streamwise velocity in (c) which shows a small acceleration before attaining its 
asymptotic value. 


1.5 and 4.0 have been shown in Figures 5.7.5(c). The turbulent shear stress is a quantity 
that is quite difficult to determine, both in experiments and in computation mainly due 
to its slow convergence with the length of the signal. This inadequacy has been felt in the 
present study since data for more than 15-20 cycles could not be handled for the grid sizes 
considered. The signal lengths considered in experiments as well as LES are reported to be 
substantially longer. The present results show good agreement with the experiments and 
LES for X upto 1.5. At x=4.0, there exists considerable mismatch between the model-free 
computations and the experiments as well as LES. This behaviour can be related to the 
inadequate number of averaging cycles employed in the present study. 

5.7.4 Phase-averaged flow fleld 

Flow past a square cyUnder at a high Reynolds number is characterized by the evolution 
of turbulence in the downstream direction. The coherence of flow is established by vortex 
shedding, but decreases in the downstream direction. The various components of velocity 
show diflferent rates at which coherence is lost. Figure 5.7.6(a) shows the sequence of 



Figure 5.7.5: for caption see next page 
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(c) 

Figure 5.7.5: Comparison of time-averaged fluctuations at locations x=0.0, 1.0, 1.5 and 
4.0: (a) streamwise normal stress (b) transverse normal stress and (c) shear stress. The 
match with the experiments in the base region (a:<l) is seen to be good whereas the pro- 
files at the spatial locations beyond x=1.5 show some difierences which may be attributed 
to the finite blockage in the present computation. The boundary effect on the diverging 
far- wake causes the fluctuations to grow. 
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Figure 5.7.6: Spectra at diiferent axial locations: (a) streamwise velocity and (b) trans- 
verse velocity. The spectra of u-velocity loses its dominant pealc with downstream dis- 
tances and become broadband sigmfying the wake becoming developed and turbulent 
with increasing distance- The spectra of w-velocily show the dominant peak way upto 
the location a;=17.0 and reveal that this component of velocity is more coherent than the 
streamwise component. 
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Frequency 

Figure 5.7.7; Spectrum of lift coefficient. 


spectra of streamwise velocity at different downstream distances. It is clear that the 
streamwise velocity even at a location x=1.41 is not fully coherent in nature. There 
are multiple frequencies present at this location although a dominant frequency is seen. 
The flow field becomes chaotic and fully turbulent beyond x=4.0. Therefore, the phase 
information which is present in the near-wahe is lost beyond the intermediate-waJke. The 
spectra of the transverse component of velocity at different i-locations are portrayed in the 
Figure 5.7.6(b). Unlike the streamwise component, the transverse component of velocity 
show coherence over a larger distance. Even at a streamwise location of a:=17.0 the v- 
spectrum shows a single dominant frequency though other frequencies are also present. 
Comparing Figures 5.7.6(a) and (b) it can be said that the streamwise component loses 
the pha^e information very e«irly compared to the transverse component with increasing 
downstream distance. 

At a high Reynolds number, the three-dimensional random turbulent fluctuations 
are superimposed on the unsteady periodic motion. The random motion represents small- 
scales of turbulence and can be simulated by a stochastic model. As discussed in earlier 
sections, in the wake of a bluff-body flow, the time varying component <f> (for example, 
velocity and pressure) may be written as the combination of global mean component 
a periodic component ^ and a random component ^ (Hussain, 1983). In the present 
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Figure 5.7.8: Two different phases for phase-averaging. 


section, the phase-averaging technique has been applied to separate out the coherent 
(<^) and incoherent {<f)") fluctuations downstream of the cylinder. Phase averaging is 
the method which helps in removing the small-scale universal fluctuations and thus the 
small-scale structures and retains only the large-scale structures. The large structures 
are boundary dependent i.e., depend on the geometry of the flow. Phase-averaging in the 
present work has been carried out over 17 cycles only, in contrast to 1024 cycles in Cantwell 
and Coles (1983) and 400 cycles in Lyn et al. (1995), mainly due to the limitations in 
the computational resources. The reference signal taken for phase-averaging is that of 
the lift coeflScient. The lift coeflBcient signal (Figure 5.7.7) appeared to be the most clear 
compared to others, namely drag coefficient, streamwise and transverse velocities in the 
near-wake. The spectrum of the lift coefficient resembles the spectrxim of the transverse 
component of velocity in the near-wake. The reason for such a resemblance is that the 
lift coefficient is governed by the transverse, rather than the streamwise fluctuations. 

The important factor to be considered while doing phase averaging with reference to 
any signal is that the reference signal should be clean enough to detect the phases without 
phase jitter. The reference signal should be able to correlate well with the flow variables 
at any spatial location. In this respect, the lift coefficient signal has been found to be 
the most suitable reference for phase-avera^ng. The phase-averaging technique has been 
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applied for two different phases as described in Figure 5.7.8. The phase-I corresponds 
to the maximum in the lift coefficient and the phase-II corresponds to the zero-crossing 
of the lift coefficient. A note on phase jitter: The vortex shedding frequency is not 
strictly a constant and shows small fluctuations from cycle to cycle. This is related to 
the fluctuations in the far-wake and hence is significant at high Reynolds number. The 
associated physical mechanism is the propagation of pressure information in all directions. 
The changes in the vortex shedding frequency axe higher for a circular cylinder because 
of the possibility of movement of the points of separation. An immediate consequence 
of disturbances in the vortex shedding frequency is that lift and the transverse velocity 
cannot be pure reference signals. The fluctuations in the frequency will in effect corrupt 
the phase information, resulting in phase jitter . Indeterminacy in the phase naturally 
causes errors in phase-averaging. These can be partly circumvented by referring to the 
peaks, valleys and zero crossing of the reference signals rather than the corresponding 
phase values. This approach has been adopted in the present work^. 


Figure 5.7.9(a) depicts the phase-averaged spanwise vorticity contours for the mid- 
span (2=3.0) at phase-I. It can be seen that the phase-averaged vortices in the far-wake do 
not show strong coherence as in the near-wake. Figure 5.7.9(b) shows the instantaneous 
vorticity contours for the plane at the mid-span at phase-I. Though the instantaneous 
vorticity in the base region shows some similarity to the phase-averaged, the far-wake 
shows dissimilarity between the two. It is thus evident from Figure 5.7.9(b) that the near- 
wake is coherent while the far-wake (a:>12) shows the complex structures of vortex pairing 
and tearing. At a much higher Reynolds number, the far-wake shows complexity due to the 
non-linear interactions among different scales generated in the intermediate-wake. Thus, 
the far-wake shows a wide range of scales analogous to the behaviour of the isotropic 
turbulence. Figure 5.7.9(c) depicts the phase-averaged pressure contours at a phase-I. 
The phase-averaged vorticity and pressure are correlated as the pressure minima coincide 
with the vorticity peaks. Figure 5.7.9(d) shows the phase-averaged spanwise vorticity 
contours at phase-II. Figure 5.7.9(d) shows similar trend as that of phase-I, the only 
difference being the streamwise advancement of the flow structures. This advancement is 
due to phase-II being at a later time than phase-I. 


The phase-averaged streamwise normal stresses («u) at phase-I due to periodic fluc- 


■ iThis technique has a disadvantagerintermediate values of the 4 c^ot be treated; co^queutly 
the global time-average as ‘average of all phas^averages’, particularly of the penodic and random parts 
individually cannot be calculated. 
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Broken lines: (wniin,a;max, Aw) = (0.12,3.0,0.24) 
SoHd Hnes: (winin,Wmax, Aa;) = (-2.76,-0.12,0.24) 




Broken lines: (^min.^max, Aa;) = (0.12,3.0,0.24) 
Solid lines: (winijj,a;inax, Aw) = (-2.76,-0.12,0.24) 


Figure 5.7.9: for caption see next page 
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20.0 


(min, max, increment) = ( 0 . 57 , 1 . 9 , 0 . 07 ) 



Broken lines: (wjjijnjWmax, Aw) = (0.12,3.0,0.24) 
Solid lines: Aw) = (—2.76,-0.12,0-24) 


Figure 5.7.9: Contours of (a) phase-averaged spanwise vorticity (b) instantajieous span- 
wise vorticity (c) phase-averaged pressure at phase-I and (d) phase-averaged vorticity 
at phase-II. The phase-averaged field in (a) is more irregular and symmetric in nature 
compared to its instantaneous field in (b). This is because of the averaging technique 
which removes most of incoherent fluctuations. The phase-averaged pressure shows good 
coherence with the phase-averaged spanwise vorticity and prov^ the correctness of the 
phase-averaging technique. 
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Solid lines: (min, max, increment) = (0.013,0.2,0.013) 
Broken lines: (min, max, increment) = (-0.173,-0.013,0.013) 


Figure 5.7.10: Contours of phase-averaged stresses due to periodic fluctuations at phase-I 
for the horizontal mid-span (z=3.0): (a) streamwise normal stress (b) transverse normal 
stress and (c) shear stress. These contours look very similar to those for the low Reynolds 
number ones in Section 5.3. The only difference is seen very near to the wall and these 
axe because of the turbulent boundary layer associated with the high Reynolds number 

waJce. 
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tuations axe presented in Figure 5.7.10(a). The contours of the normal stresses show the 
local rotation with their peaks above and below of each phase-averaged vortex. The two 
peaks on each side of the wake centreline correspond to positive and negative values of 
the periodic component (u) of the fluctuations. Figure 5.7.10(b) shows the transverse 
normal stresses {vv) corresponding to the periodic component of fluctuations. Similar 
to uu, alternating peaks in vv correspond to positive and negative peaks in v. Unlike 
the streamwise component, the transverse velocity shows a single local rotation about 
the wake centreline. One important point to be noted is that the local rotation of v 
is in between two consecutive rows of rotations of u. The maximum of uu corresponds 
to the minTTmim of vv and vice versa. Figure 5.7.10(c) shows the spatial variation of 
shear stresses (iit;) due to periodic fluctuations. The positive and negative contours are 
respectively marked by solid and dashed lines. Essentially, two contour shapes are to be 
demarcated in Figure 5.7.10(c). One is an elongated shape spanning the entire width of 
the wake and the other is a closed contour on one half of the wake alone. The slope of the 
elongated contour alternates in sign but is generally has the same magnitude in the flow 
direction. Many of these features axe seen to carry over to the experimental results of 
Lyn et al. (1995), though the magnitude of the dimensionless shear stress increase with 
Reynolds number. The phase-averaged shear stresses (uu) (Figure 5.7.10(c)) are antisym- 
metric about the wake centreline. These can be explained as being due to the independent 
influences of a strong and a weak s-momentum fluxes towards and away from the wake 
centreline respectively. Figure 5.7.10(a) is similar to that reported by Cantwell and Coles 
(1983) (Figure 5.3.12(b)) for a circular cylinder and Lyn et al. (1995) (Figure 5.3.12(c)) 
for a square cylinder, both at comparable Reynolds number. 

It is interesting to note that the wake size defined on the basis of the periodic com- 
ponent is greater than that defined using the time-averaged flow field. This phenomenon 
can be explained in terms of the greater transport of momentum under unsteady condi- 
tions. Figure 5.7.11 shows the phase-averaged three contour plots corresponding to the 
three Reynolds stresses (u"u'', v'V' and u"v"') associated with the random components 
of fluctuations and one contour plot corresponding to the pressure fluctuation at phase-I. 
Figure 5.7.11(a) shows that the phase-average of the streamwise component is intrinsi- 
cally noisy. It is evident from Figure 5.7.11(b), that a good correlation exists between 
the phase-averaged vorticity field (Figure 5.7.9(a)) and the corresponding transverse com- 
ponent of random fluctuation. Both components show that their respective peak values 
coincide with the peak vorticity or vortex centres. It is interesting to note that the 








25.0 


(min, max, increment) = (0.02,0.20,0.02) 


Figure 5.7.11: Contours of phase-averaged (a) streamwise normal stress (b) transverse 
normal stress (c) shear stress and (d) pressure fluctuations due to random components at 
Phaser for the horizontal mid-span (z=3.0). The transverse normal stress stress shows 
g^od coherence compared to the streamwise normal stress and the reason is that the 

streamwise component more number of frequencies in the fax-wake compared to transverse 
component. 
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peak values of the two normal stresses of random fluctuations are decorrelated with the 
peak values of both the normal stresses of periodic components for x>2. The Reynolds 
shear stress due to the random component has been depicted in Figure 5.7.11(c). Unlike 
the normal stresses, the shear stress shows alternate arrays of contours. Cantwell and 
Coles (1983) and Lyn et al. (1995) have shown that the peak values of the shear stress 
due to random fluctuations will occur at the saddle point or very near to itU Only the 
base region shows that the peak of shear stress coincides with the saddle points of the 
phase- aver aged vorticity contours in Figure 5.7.9(a). The streamwise locations x>2 do 
not show such a correlation. Double peaks can be associated with eatch sign of the shear 
stress contours. From Figure 5.7.11(c), it is quite evident that one peak coincides with 
the saddle while the other coincides with the centre (point of peah vorticity or a closed 
streamline). The above discussion and figures show that the variations of the random 
components largely depend on the coherence of the phase-averaged flow. The generation 
of the random components are higher where there is higher shear in the coherent fleld. 
Figure 5.7.11(d) shows contours of the random pressure fluctuations. The centres of the 
contours coincide with the vorticity centres. Unlike the periodic component it shows peak 
values at the vortex centres. This means that the random pressure fluctuations are the 
highest at the vortex centres where the production of kinetic energy takes place. Hence 
random fluctuations of pressure are correlated with the phase-averaged vorticity contours 
of Figure 5.7.9(a). 

The comparison between the streamwise variation of periodic and random fluctu- 
ations have been brought about by comparing their relative maximum magnitudes at 
phase-I. Since the comparison has been made at a single phase it was not possible to com- 
pare only the maximum values of the quantities as the vortices travel downstream over a 
number of phases within a cycle. But the present comparison also shows the trends which 
would have been established with a large number of phases in a cycle. Figure 5.7.12(a) 
is a comparison between the streamwise normal stresses due to periodic (ufi) and ran- 
dom (u"u") fluctuations. The region very near the cylinder (within the vortex formation 
zone) the periodic fluctuations are very high compared to the random fluctuations. But 
the two values are comparable in the intermediate-wake. The far-wake reveals higher 
random fluctuations compared to the periodic. Lyn et al. (1995) showed that after a 
dimensionless distance of 2 units, the random component resulted in higher fluctuations 
compared to the periodic fluctuations. The possible reason for the higher value of the 

where the intersection of streamlines takes place. 


saddle point is one of zero vorticity or 
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Figure 5.7.12: Comparison of streaihwise variation of maximum (a) streamwise normal 
stress (b) transverse normal stress and (c) shear stress at phase-I. The random component 
reveals comparable magnitude in the fax-Wcike because only one frequency out of many 
has been removed in the far-wake by phase-averaging. 


random fluctuations in their study is that the inlet turbulence is high in the experiments 
(as compared to zero in the present study). The streamwise variations of (vv) and 
are shown in Figure 5.7.12(b). The periodic fluctuations are higher upto a distance of 
x= 14.05 beyond which both values are of comparable magnitude. A similar behaviour has 
also been reported by the Lyn et al (1995). Figure 5.7.12(c) shows the distribution of 
the maximum values of shear stresses due to periodic and random component of fluctu- 
ations. The periodic component shows higher values in the near- and intermediate- wake 
and beyond this distance, both show comparable magnitudes. 

The results discussed above show two important trends. One is randomness of the 
phase- aver aged data in the far- wake, and second, the phase-averaged incoherent fluctu- 
ations being larger than the coherent motion. The two results emanate from a single 
physical phenomenon and are hence equivalent. This effect is the following. At high 
Reynolds number, vortices shed in the near-waie undergo breakup, and establish the 
cascade mechanism of energy transfer as in the developing turbulent flow. When phase- 
averaging is carried out using the vortex shedding ftequency, the large structures of the 
near-wake are highHghted. In contrast, the full spectrum is estabhshed in the far-wake 
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and the averaging with respect to single frequency leaves the spectrum intact. Thus, the 
fax-wake continues to remain noisy and shows up large values of the incoherent veloci- 
ties. The eddy breakup mechanism ensures that the coherent part has become sufficiently 
small. 


5.7.5 Closure 

Model-free three-dimensional computations have been carried out at a Reynolds number 
of 21400 using higher order spatial discretization. The following is the list of important 
results derived from the study: 

1. The time-averaged flow matches weU with the existing experiments and LES results. 

1 * 

2. The time-averaged fluctuating field shows a good match in the base region but is 
overpredicted in the streamwise locations beyond x=1.0 due to the higher blockage 
in the present study. 

3. The streamwise velocity loses phase information rapidly in the downstream direction 
compared to the transverse component. 

4. The near-wake shows higher coherence whereas in the far-wake, both coherent and 
incoherent components are of comparable magnitude. 

5. The far-wake shows an irregular structure even in the phase-averaged field because 
of the elimination of only one out of the many phases present in it. 
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5.8 Experimental Study at Low and High Reynolds 
Numbers 


In the earlier sections, the wake of the square cylinder has been explored using numerical 
techniques. The present section is concerned with experiments using a hotwire anemome- 
ter. Experiments have been employed in the present work to provide supporting evidence 
for the overall trends in time-averaged flow quantities and the integral parameters. Since 
the probe involved is a hotwire, it is to be expected that the reliability of the experiments 
is higher at higher Reynolds numbers. Consequently, it has not been possible to test the 
appearance of Modes- A, A* and B and the route to chaos, these being predominantly at 
low Reynolds numbers. 

Experiments at low as well as high Reynolds numbers have been conducted in the 
present study. The respective experiments were carried out in two different apparatus. 

The low Reynolds number experiments have been carried out in the test cell that is 
schematically shown in Figure 4.1(a). The cross-section of the test cell is 10 cmx5 cm, 
the test section being 80 cm long. Flow in the apparatus was manually controlled against 
a voltmeter output, the voltage supphed to the blower being stepped down through two 
variacs in series. An additional factor responsible for low flow rates was the increased 
resistance of the test cell created by mesh screens as well as the blocked passage to flow 
through blower. 

With the arrangements given above, a low stable velocity of 0.4 m/s was attainable 
in the experiments. Further, it was possible to maintain constancy of the average velocity 
over the range 0.4-4 m/s for the duration of the experiments. The free stream turbulence 
level in the flow upstream of the cyhnder was found to be 0.3%. The inlet velocity was uni- 
form to within ±3% over the 85% of the tunnel cross-section under the most unfavourable 
conditions. The quaUty of the inflow was seen to be markedly better for velocities greater 
than 1.0 m/s. The size of the cylinder used in the low Reynolds number experiments was 
5 mmx5 mm and was made of perspex. The cylinder was placed along the shorter length 
of the test ceU thus giving a blockage of only 5%. Two different velocities, namely 0.63 
and 1.21 m/s were chosen for experiments, thus resulting in Reynolds numbers of 200 and 
390 respectively. The average room temperature during the experiments was at 22°(±2) 

C. 
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The high Reynolds number experiments of the present work were caxried out in 
an open circuit wind tunnel having a nominal cross-section of 40 cmx40 cm shown in 
Figure 4.1(b). A 3 m long test section of the wind tunnel was available for experiments. 
The divergence angle of the test section being 4°, and a fair constancy of pressure was 
observed. The wind tunnel fan was electronically controlled and stable velocities in the 
range 5-20 m/s were realizable in the experiments. The speed control was formally rated 
at ±0.5% but over a 3-hour period, no noticeable change was observed in the approach 
velocity. Free stream turbulence in the approach flow was damped by an axray of mesh 
screens. In all experiments, turbulence was found to be less than the background noise of 
the anemometer, being equivalent to 0.01% at an approach velocity of 10 m/s. The inlet 
velocity profile was uniform to within ±0.5% over 90% of the tunnel cross-section. The 
square cylinder used was made of perspex, 25 mmx25 mm in cross-section. The use of 
perspex was advantageous since (i) good quality smooth surfaces were attainable over the 
entire cylinder and (ii) precise sharpness of the cylinder edges could be maintained. The 
cylinder length was 40 cm, thus spanning the entire width of the wind tunnel. Upstream 
velocities of 5.2 and 10.53 m/s were utilized to produce Reynolds numbers of 8700 and 
17625 respectively in the experiments. The room temperature during the all experiments 
was 26°(±2) C. 

Velocity was measured using a two-channel hotwire anemometer along with an X- 
wire probe. The x was formed in the vertical plane with the cylinder being placed in a 
horizontal position. The probe was mounted on a traversing mechanism that facilitated 
all three orthogonal movements, to a positional accuracy in the most significant direction, 
namely the vertical being ±0.1 mm. The commercially available DANTEC anemometer 
and probes were employed in the present work. The two wires of the probe were calibrated 
in the wind tunnel itself. Small changes in room temperature (±1° C) have been com- 
pensated through the use of a correction formula that assumes a constant heat transfer 
coefficient. The probe was recalibrated for larger changes in temperature. Both wires 
were operated at 200° C and their calibration curve were seen to be practically identical. 
The assumption of equal sensitivity coefficients of the two wires was occasionally em- 
ployed during data reduction. During calibration, a pitot tube connected to a FURNES 
CONTROLS 19.99 mm of H 2 O digitcd manometer was utilized. Both DC and rms val- 
ues of voltages were recorded using ‘true’ voltmeters supplied by DANTEC. Integration 
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times of typically 300 seconds were used to obtain for all time-averaged quantities. The 
cross-correlation between the voltage fluctuations was determined by coll«:ting long time 
traces through ADVANTEST spectrum analyser, followed by a numerical integration of 
the product of the two signals (over 10 seconds). The frequency of vortex shedding was 
measured by the spectrum analyser using the FFT algorithm. The conversion of voltages 
to velocities was accomplished through an explicit non-real time method developed by 
Chew and Simpson (1988). This technique has the advantage of determining the mean 
and the fluctuating components of velocity as well as their cross-correlations with very 
few assumptions regarding probe parity and turbulence level. 

Velocity and velocity fluctuations in the wake of the square cylinder have been 
measured from a dimensionless distance of 1.5 and beyond. In view of the insensitivity 
of the hotwire probe to reversed flow, measurements in the recirculation region of the 
cylinder are questionable. Earlier studies show the size of the recirculation region at high 
Reynolds numbers to be in the range 1. 3-1.4 (Lyn et al. (1995); Durao et al. (1988)). 
The recirculation zone has been estabUshed in these studies through alternative techniques 
such as LDV and the flying hotwire. Hence the choice of the first measurement station 
for the time-averaged velocity as 1.5 can be taken as acceptable to begin with. 

In experiments with low as well as high velocities, the velocity fluctuations close to 
the cylinder can be expected to be large. Under these conditions, the hotwire measure- 
ments using the fixed operating points approach (corresponding to mean velocity) are 
questionable. In the present experiments, the first z-location was at x=1.5 and definite 
positive value of the mean velocity was recorded. Hence on no occasion was the cali- 
bration curve utilized close to zero velocity. Secondly, the instantaneous "roltage signal 
of the anemometer was converted to velocity pointwise and time-averages subsequently 
computed. The difference between this strategy as against the conventional operating 
point approach was found to be negligible, particularly in the high Reynolds number ex- 
periments. This observation also finds support in the work of Swaminathan et d. (1986). 
These authors have shown a turbulence correction factor of 10% at a turbulence intensity 
of as high as 45% with respect to the mean flow. The corresponding probabihty of occur- 
rence of reversed flow was found to be less than 1%. The above discussion improves the 
degree of confidence that can be reposed on the hotwire data. 
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Figure 5.8.1: Comparison of measured Strouhal number with published data. 


5.8.1 Low Reynolds number measurements 

Figure 5.8.1 depicts the comparison of the measured Strouhal number as a function of 
Reynolds number with published data. The present results lie between the numerical 
results of Davis et al. (1984) and the experimental results of Okajima (1982) and show a 
meaningfully good match. The comparison of drag coefficient as a function of Reynolds 
number is shown in Figure 5.8.2. The measured values follow the pattern shown by the 
two numerical results. The drag coefficient shows an increasing trend with Reynolds 
number before it becomes practically as3rmptotic^. 

The detailed experimental results for two Reynolds numbers (200 and 390) axe pre- 
sented below. The Strouhal numbers corresponding to these Reynolds numbers of 200 
and 390 are 0.135 and 0.138 respectively. The time-averaged streamwise component of the 
velocity at three different locations, namely x=2.5, 3.5 and 5.5 axe shown in Figure 5.8.3. 

^(1) It was not possible to measure drag below a Reynolds number of 400 by the wake survey method 
owing to diffusive and wrill effects (2) Measured values of drag at low Reynold numbers have not been 
reported in the literatme. 






Figure 5.8.2: Comparison of measured drag with published data. 

The time-averaged velocity profiles have been compared with the two-dimensional numer- 
ical results for a Reynolds number of 200 (Figure 5.8.3(a)). The measured profiles follow 
the overall trend seen in numerical results. However, the centreline recovery rate of ve- 
locity for the experiments is slow compared to the numerical results. The faster recovery 
rate in numerical results can be attributed to its higher blockage (10%) compared to the 
measurements (5%) and the essentially three-dimensional nature of the flow even at low 
Reynolds numbers. Figure 5.8.3(b) depicts the time-averaged streamwise velocity profile 
at the above referred locations for a Reynolds number of 390. The profiles show faster 
recovery of the streamwise velocity compared to a Reynolds number of 200. The velocity 
profiles at both the Reynolds numbers show good symmetry about the wake centreline, 
and thus reflect correctness of the experiments as well as the measurement technique. 

The time-averaged transverse velocity profiles have been presented in Figure 5.8.4 
at the locations x=2.5, 3.5 and 5.5. The present experiments showed a small but finite 
transverse velocity, (around 10% of the average at the lowest velocity studied and smaller 
at a higher velocity) particularly at the lower Reynolds number. A possible reason could be 
the presence of the plugs on the top surface, needed to position the probe. Figure 5.8.4(s,) 
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Figure 5.8.3: Measured time-averaged streamwise velocity profiles: (a) Re=200 and (b) 
Re=390. 


has been drawn after subtracting the nonzero transverse velocity from the measured data. 
The comparison at a Reynolds number is not satisfactory. The measured profile at a:=5.5 
looks identical in Figure 5.8.4(a) to the numerical profile at a:=3.5. This observation shows 
that the measurements differ from the numerical results with respect to the recovery rate. 
This coiild be due to the higher blockage in the numerical study. The measured profiles 
however follow the numerical trends. The time-averaged transverse velocity profiles at 
a Reynolds number of 390 are shown in Figure 5.8.4(b). The resvdts at this Reynolds 
number show fewer anomalies as compared to Re=200. 

The profiles of the time-averaged streamwise fluctuations {u'^) at different lo- 
cations axe shown in Figures 5.8.5(a) and (b) at Reynolds numbers of 200 and 390 re- 
spectively. The fluctuations axe higher in the numerical results when compared to the 
measured values, once again due to the higher blockage of 10% in the computation. Both 
profiles show double peaks, and the agreement improves in the downstream direction. It 
is to be noted that with increasing Reynolds number, the nondimensional streamwise fluc- 
tuations also increase. The measured results show that initially the fluctuations axe small 
(x=2.5). With increasing distance the fluctuations increase (x=3.5) and then decrease at 






Figure 5.8.4; Measured time-averaged transverse velocity profiles: (a) Re=200 and (b) 
Re=390. 


the subsequent locations. This behaviour is at variance with the data obtained at higher 
Reynolds numbers^. 

Figure 5.8.6 shows the shear stress profiles at locations i=2.5, 3-5 and 5.5 for 
Reynolds number of 200 (Figure 5.8.6(a)) and 390 (Figure 5.8.6). The measured results 
at both Reynolds numbers significantly underestimate the shear stress. Higher values of 
the shear stresses are seen at the Reynolds number of 390. Experiments clearly bring 
out an increase in fluctuation levels followed by a drop, with the distance. This is at 
variance with the two-dimensional numerical prediction, where fluctuations continuously 
decrease in the downstream direction. The experimental data is better explained from 
the three-dimensional calculations. Sections 5.2 and 5.4. 

~ ^The experimental data at a Reynolds number of 400 appears less anomalous and projects a definite 
pattern. The corresponding numerical data in two-dimension was seen to show very large peaks. The 
three-dimensional calculation could not be continued for sufficiently large number of tune steps for av- 
eraging to be performed. Hence comparison of the experiments with three-dimensional computation has 

not been possible. 
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Figure 5.8.7: Comparison of measured time-averaged streamwise velocity profiles: (a) 
Re=8700 and (b) Re=17625. 


5.8.2 High Reynolds number mecisurements 

Experimental results have been reported in the present study for high Reynolds number 
flow at Re=8700 and 17625. The blockage ratio based on the wind tunnel height is 6.25% 
and the length to width ratio of the cylinder is 16. To a first approximation, this represents 
the cylinder in an infinite medium; to a first approximation, blockage and aspect ratio 
effect are thus expected to be of secondary importance (West and Apelt, 1982). 

The experiments were validated in the following manner. The time-averaged drag 
acting on the cyfinder was determined by the wake survey method. Momentum loss 
calculation was carried out at the mid-plane of the cylinder at a dimensionless distance 
of x=15. A considerable variation in the static pressure was seen within the wake and 
so the measurements were directed individually at the total and static pressure. Some 
variation in the tunnel static over a distance of 15 units was also accommodated for. At 
Reynolds numbers of 8700 and 17625, the drag coefficients were found to be 2.13 and 
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measured time-averaged transverse velocity profiles: (a) 
Re=8700 and (b) Re=17625. ^ 


2.2 respectively. These values are comparable to the numerical estimate of 2.07-2.67 at 
a Reynolds number of 21400 by Wang et. al. (1996). It is also in closer agreement with 
experiments of Cheng ef ai (1992) who have presented the drag coefficient to be 2.1. 

Based on the vortex shedding frequencies, the respective Strouhal numbers have 
been found in the present experiments to be 0.144 and 0.142 respectively. These values 
differ from those reported by Duran et al. (1988) as well as Lyn et al. (1995) who present 
the Strouhal number to be 0.138 and 0.132 at Reynolds numbers of 14000 and 21400 
respectively. The reasons for this discrepancy is certainly due to high inlet turbulence 
level of 2-6% m the referred experiments. The numerical simulation of Wang et al. (1996) 
show a Strouhal number of 0.13 at a Reynolds number of 21400. 

A detailed comparison of the measured profiles of velocity and velocity fluctuations 
with LES calculations of Wang et al. (1996) is now presented. Time-averaged velocities 
and velocity fluctuations have been nondimensionalized using the average incoming 
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Figure 5.8.9: Comparison of measured time-averaged profiles of streamwise velocity fluc- 
tuations: (a) Re=8700 and (b) Re= 17625. 


velocity. The turbulent shear stress has been nondimensionalized using UaJ^. The nu- 
merical calculations of Wang et al. (1996) employ a Reynolds number of 21400 as stated 
above. Besides, the cyfinder length is tt, the blockage ratio is 0.05 and periodicity bound- 
ary conditions have been applied in the spanwise direction. Hence one cannot expect a 
total match between numerical calculations and the present hotwire measurements. 

Figures 5.8.7(a) and 5.8.7(b) show the time-averaged streamwise velocity profiles 
at three locations downstream of the cylinder at Reynolds numbers of 8700 and 17625 
respectively. The numerical results have been shown on the same graph by solid lines. 
A remarkable aspect to be noticed in Figure 5.8.7 is the invariance of the dimensionless 
velocity distribution with respect to both Reynolds numbers. This is also an indication 
of a low uncertainty level in the high Reynolds number experiments. 

Figure 5.8.8 is a comparable plot for the transverse component of velocity. Both 
figures (Figure 5.8.8(a) and (b)) reveal good symmetry (and antisymmetry) in velocities 
with respect to the wake axis. The measurement of a negative transverse velocity is a check 
on the correctness of the data reduction procedure. The agreement between experimental 
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Figure 5.8.10: Comparison of measured time-averaged profiles of transverse velocity fluc- 
tuations: (a) Re=8700 and (b) Re=17625. ^ 


and numerical data is uniformly satisfactory. 

Figures 5.8.9 and 5.8.10 compare the streamwise and transverse 

velocity fluctuations between experiments and numerical simulation. The agreement here 
is good in qualitative terms. Significant differences can however been seen at the first 
measureme^ station. Both experiments as w^ as calculations reveal a double-peaked 
profile in while a single peak is seen in v'^ with a maximum occurring along the 

axis. The differences between experiments and simulations tend to diminish at larger 
streamwise locations. 

Figure 5.8.11 compares the turbulent shear stress between the present experiments 
and the nummcal computation. The comparison is seen to be closer in these figures 
compared to v'^ . The change of sign in u'v' about the wake centreline is clearly revealed. 
Once again, the agreement improves in the downstream direction. 

The centreline recovery of time-averaged streamwise velocity is shown in Fig- 
ures 5.8.12(a) and (b) for the Reynolds numbers under discussion. The present mea- 
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Figure 5.8.11. Comparison, of measured time-averaged profiles of turbulent shear stress' 
(a) Re=8700 and (b) Re=17625. 


surements show that the recovery is faster compared to the experiments by Lyn et al. 
(1995) and LES results of Wang et al. (1996). 

In summary, the numerical results match experiments at high Reynolds number 
when compared in terms of the time-averaged velocities, the streamwise velocity fluctu- 
ations and the turbulent shear stress. Numerical predictions of the transverse velocity 
fluctuations are significantly higher than the measured values. The pcesible reason for 
the discrepancy could be the very short spanwise dimensions (=7r) in computations as 
against a value of 16 used in experiments. 

A physical discussion on the results obtained Ccin be conducted in the foUowing 
manner. The separation of flow over a bluff object causes a pressure drop across its 
surface, thus leading to a non-zero form drag. Ekjuivalently this is manifested as loss 
of momentum of the fluid in the wake. Thus the time-averaged streamwise velocity is 
smaller within the wake compared to its value in the free stream. A m ini m um in this 
velocity is attained close to the wake centreline. As seen in Figure 5.8.7 the minimum 
velocity increases in the downstream direction. Simultaneously there is an increase in the 





266 


Results and Discussion 










5.8 Experimental Study at Low and High R^vr,nU. 


267 


wake size The two processes can happen only when fluid is entrained from the edges 
of the wahe on each side of the centrelme. A measure of the entrainment of the fluid 
can be denved from the transverse velocity profiles in Figure 5.8.8. It can now be seen 
that entrainment and hence the velocity recovery are both very high for small distances 

behind the cylinder. Both of them asymptotically reach their respective limits for higher 
downstream distances. 

The variation of the turbulent fluctuations in the wake requires greater elaboration. 
The mechanism involved is not only dissipation but also the substantial energy transfer 
from the core to the surrounding fluid. A detailed study of the energetic interactions of 
periodic fluctuations in the wake is presented in Section 5.3. 

5.8.3 Effect of inlet turbulence on the wake 

In comparison to the low Reynolds number experiments, the agreement between the 
experiments and numerical simulation at the high Reynolds number was seen to be sub- 
stantially better. Yet, there were differences, particularly in the velocity fluctuations and 
turbulent shear stress. One factor that has not been matched among the pubhshed ex- 
periments, numerical simulation and the present experiments is the turbulence level in 
the incoming flow. The present section is concerned with the study of inlet turbulence on 
the turbulence profiles in the wake. 

The effect of inlet turbulence has been studied by placing a circular cyHnder centrally 
at a distance 150 diameters (of the circular cyhnder) upstream of the square cyhnder. The 
approximate turbulence level measured just upstream of the square cylinder (y=-2.0 to 
2.0) was about 3.5%. The measurements at two different streamwise locations, namely 
a;=1.5 and 2.5 were conducted at a Reynolds number of 12000. The time-averaged profiles 
at x=1.5 (Figure 5.8.13(a)) show the influence of inlet turbulence on the recovery rate. 
The increase turbulence level leads to a slow recovery compared to low inlet turbulence. 
Simultaneously, the measured profiles approach the profiles of Lyn et al. (1995). The 
effect of inlet turbulence on transverse velocity is depicted in Figure 5.8.13(b). The 
transverse velocity at this location is seen to be insensitive to inlet turbulence. The time- 
averaged streamwise fluctuations at x=1.5 are presented in Figure 5.8.13(c). The figure 
shows that there is a decrease in fluctuations due to the increase m inlet turbulence. 
Figure 5.8.14 shows the effect of inlet turbulence at a location x=2.5 over one half of the 
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Figure 5.8.13: Effect of upstream turbulence on time-averaged profiles of (a) streamwise 
velocity (b) transverse velocity and (c) streamwise velocity fluctuations at x=1.5 for a 
Reynolds niimber of 12000. 






y 

Figure 5.8.14: Effect of upstream turbulence on time-averaged profiles of (a) streamwise 
velocity (b) transverse velocity and (c) streamwise velocity fluctuations at x=2.5 for a 
Reynolds number of 12000. 
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wake. The measurements have been carried at this location because of good symmetry 
found in earlier measurements. The streamwise velocity is influenced to a great extent 
at this location and approaches the value of Lyn et al. (1995). In conclusion, it can be 
said that an increase in upstream turbulence in the present experiments shows uniformly 
better comparison with the published measurements for x=2.5 (and probably beyond). 

The role of upstream turbulence can be explained as follows. External turbulence 
increases the entrainment of fluid into the free shear layer from the recirculation zone and 
hence increases their curvature (Huot et a/., 1986). When the entrainment becomes very 
large, the free shear layers eventually reattach to the sides of the obstacle. Consequently 
separation is reinitiated at the rear edges. The entrainment of the fluid from the freestream 
to the wake is then slow and the recovery rate is small. Figure 5.8.14(b) shows that the 
transverse entrainment in the present measurements is marginally higher at a location 
r=2.5 compared to Lyn et al. (1995). The higher entrainment in the present experiments 
with low upstream turbulence is possibly the cause for a higher recovery rate compared 
to the published results. 


5.8.4 Spectra 

Since hotwire experiments reveal local pointwise information, it is usually cumbersome to 
map the flow field in all respect. The power spectra of x- and y-components of velocity 
determiued at selected locations in the wake can shed light instead on the walse dynamics. 
With these objectives, the u- and u-spectra were recorded both along the centreline (y=0) 
and an ofiset position (y=1.0) at a Reynolds number of 17625. Figure 5.8.15 shows the 
u-spectra at locations a:=2.5, 5.0, 10.0 and 30.0 for two y-planes in the cyhnder wake. 
Figure 5.8.16 is a comparable plot for v-spectra. In these figures, the abscissa is the 
dimensionless frequency, while the ordinate is plotted in consistent units^. 

Figme 5.8.15 clearly brings out a dominant peak at the shedding frequency, partic- 
ularly when the probe is away from the centreline. The spectra along the centreline do 
not reveal a clear trend. At y=0, the second harmonic is seen to be excited at s=2.5, 
signifying the influence of vortices shed from both halves of the cylinder on the probe. At 
higher r-locations the u-spectra tend to become broad.er with a peak developing close to 

^ At low Reynolds numbers, the near-wake spectra showed dominemt peaks. The far-wake spectra were 
not recorded owing to the potential influence of the bounding walls. 
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the origin. Thus, flow near the centreline is dominated by the time-averaged streamwise 
velocity with small fluctuations superimposed on it 

The peak in the n-spectra seen at the offiet location diminishes in strength as 
compared to that for the mean Sow tor i-locations greater than 10.0. At r=30.0, a 
broadband spectrum in u is seen to be established. 

In contrast to u-velocity, clean peaks are visible in the u-spectra at t/= 0 as well as 
at y=1.0. The peak is observable all the way upto x=30.0, though it is stronger at the 
offset location. The broadening of the n-spectra at 1=30.0 indicates the loss of coherence 
in the flow field and evolution towards a fully developed state. 

An interesting result can be discerned by comparing the peak values of u and v- 
spectra between a:=2.5 and 5.0 (i/=1.0). One can see an increase in the peak values in the 
downstream direction, followed by decay at farther distances. This result is in agreement 
with the observation of intensification of the vortices in the near-wake, followed by their 
decay. 

The two new results that arise from the spectral plots can be summarized as follows: 


1. The appeaxance of a peak in u-spectra near the origin at a:=2.5 confirms energy 
transfer from the mean flow to the streamwise velocity fluctuation very close to the 
cylinder. The redistribution of kinetic energy between u and v occurs over a much 
longer length, and is not complete even at x=30.0. 

2. The initial growth of the spectral peaks followed by a decay indicates a strengthening 
of the vortices outside the vortex formation length, namely 1.0-1. 5. This can occur 
by the transport of transverse momentum from the core of the wake to the free shear 
layer. 


5.8.5 Closure 

Hotwire measurements in the wake of a square cylinder have been reported at low and 
high Reynolds numbers, namely 200, 390, 8700 and 17625. The Mowing are the major 

findings of the present low Reynolds number experiments. 
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1. The integral parameters, namely Strouhal number and drag coefficient show a good 
comparison with published experimental and the numerical results. 

2. The velocity profiles reproduce the qualitative trends of the numerical results. The 
agreement improves with an increase in the Reynolds number. The discrepancy 
between the present experiments and numerical results is in the rate of velocity 
recovery. The difference is possibly due to the higher blockage in the computations 
compared to experiments. 

The high Reynolds number measurements have been compared with recently reported 
LES calculations. The important conclusions of this part of the study are as follows. 

1. The agreement between the measured and simulated data is satisfactory in terms of 
the time-averaged velocity components, streamwise velocity and the turbulent shear 
stress. The numerical prediction of transverse velocity fluctuations is substantially 
higher than the measured values. This discrepancy can be attributed to (1) a small 
spanwise length in the simulation in comparison to the experiments and (2) a low 
upstream turbulence level in the present experiments. 

2. A fresh set of experiments with a higher turbulence level in the approach flow was 
seen to improve comparison with the published experimental data. 

3. A comparison of experiments at low and high Reynolds numbers reveals the fol- 
lowing. In the low Reynolds number regime, the velocity profiles in dimensionless 
form depend crucially on the Reynolds number itself. In otherwords, the velocity 
profile is sensitive to the specific choice of Reynolds number. This can be explained 
in terms of the number of transitions taking place in the range 150<Re<600. In 
contrast, the flow seen to have attained an asymptotic state and is invariant over 
8700<Re<17625. 



Chapter 6 


Conclusions and Scope for Future 
Work 


6.1 Conclusions 


The wake of a square cylinder has been explored numerically as well as through experi- 
ments. The flow regime considered for analysis is 40<Re<21400. The focus of the research 
is towards understanding the structure of the near-wake. A clear distinction in the wake 
structure is brought out in the present studies relating to low and high Reynolds num- 
bers. Experiments play a supporting role in validating the computation on one hand and 
highlighting certain key parameters, on the other. For this reason, the conclusions of the 
present research can best be appreciated when bracketed into (a) a low Reynolds number 
study, (b) computations at high Reynolds number and (c) hotwire experiments. 


Low Reynolds Number Wake (Re < 800) : 

The most prominent observation in this part of the work was the appearance of tran- 
sitions in the temporal as well as the spatial domains. The temporal analysis showed that 
the flow underwent transition in the following sequence. Periodic — )■ quasi-periodic — > 
frequency locking chaotic. The critical Reynolds numbers for each transition respec- 
tively was computed to be 45, 218, 325 and 600. Quasi-periodicity and frequency-locking 
were clearly brought out in terms of spectra, autocorrelation function, time-delay recon- 
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struction and Poincare section. When the flow became chaotic, the spectrum was seen 
to broaden, the autocorrelation function diminished rapidly towards zero, the Poincare 
section was space filling and the time-delay reconstruction became completely irregular. 
The Lyapunov exponent and the fractal dimension of the time series were consistent with 
the identified transition sequence. For the Lyapunov exponent the numerical values were 
0 0 — >• 0 -> 0.137 corresponding to the transition Reynolds numbers. The fractal di- 

mensions were 1.0 and 1.41 at Reynolds numbers of 210 and 600 respectively. The flow 
at a Reynolds number of 500 was non-chaotic based on the Lyapunov exponent (which 
was zero) while the Poincare section had a strange attractor. 

The spatial-domain analysis examines the transition to three-dimensionality and the 
evolution of spatial structures in the flow field. The wake of a square cyhnder was found 
to become three-dimensional at a Reynolds number between 150 and 175. Two diflferent 
modes of shedding were discerned in the present study at the transitional Reynolds number 
range of 175 - 250. These could be characterized by the spanwise wavelength of the 
secondary vortices. At a Reynolds number of 175, the wake structure was seen to be Mode- 
A and the corresponding wavelength was 3. The wake pattern at a Reynolds number of 250 
was Mode-B with a spanwise wavelength range of 1. 2-1.4. At a Reynolds number of 175, 
the wake is seen to have intermittent low frequency fluctuations associated with a large- 
scale irregularity called vortex dislocation. The wake was seen to undergo a transition in 
the sequence 2D -¥ Mode- A* — > Mode-B. 

The low Reynolds number instantaneous flow (Re=100) was similar to the phase- 
averaged high Reynolds number flow in terms of the wake structure. The similarities were 
in terms of vortex decay owing to transverse diffusion of the stress components, instanta- 
neous isovorticity contours, instantaneous stress contours and time-averaged contours of 
the stress components. The decay rate of circulation downstream of the cylinder was how- 
ever seen to differ. The kinetic energy budget of the oscillatory components revealed that 
the convection due to mean motion, the production term and the pressure fluctuations 
played a vital role for the energy exchange between the mean and the fluctuating mo- 
tion. Unlike turbulent flow, the dissipation and diffusion terms were uniformly negligible, 
except in the region of the shear layers. 

Two- and three-dimensional calculations of the wake of the square cylinder revealed 
major differences even at a Reynolds number of 250. The two-dimensional model over- 
predicted the rms values of the forces on the cylinder and consequently higher sheax 
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stresses. The three-dimensional model showed a higher recirculation length with a longer 
shear layer. The three-dimensional model predicted lower velocity and pressure fluctua- 
tions and led to a faster decay of spanwise vortices. The coherence of the wake structures 
revealed by the two-dimensional model was greater compared to three-dimensional model. 

The wake of a square cyHnder was found to be sensitive to the shape of the upstream 
velocity profile. With increasing inlet shear, the time evolution of the lift coefficient grad- 
ually showed a pure sinusoid. Strouhal number decreased with the increase in the shear 
parameter. The mean and rms values of the drag coefficient decreased with the increase 
in shear parameter upto a certain value but increased with further increase in the shear 
parameter. The rms values of the Uft coefficient revealed similar behaviour. At higher 
shear, the von Karman vortex street was seen to break down and clockwise vortices mainly 
prevailed in the far-wake. 


High Reynolds Number Wake (Re > 8000): 


The predictions of the KaLa and the standard k-e were close to each other in terms 
of engineering parameters such as Strouhal number and hft and drag coefficients and rea- 
sonably close to experiments performed in an unbounded medium. Those of the RNG 
k-e were not as close to the experimental values. KaLa revealed the closest agreement 
with experiments in terms of time-averaged profiles. This was further reinforced in the 
centreline profiles of the kinetic energy of the total fluctuations. 

The three-dimensional model-free computation of high Reynolds number turbulent 
flow showed good match with both LES and experiments. The phase-averaged field re- 
vealed significant difference when compared with instantaneous field. The near-wake 
showed that the stresses due to the coherent part of fluctuations were higher than those 
due to the random part. In the intermediate-wake, the two were of comparable magm- 
tude. The time-averaged flow field revealed good quantitative match with those of LES 
and LDV experiments. 

Hotwire Experiments: 


Experiments have been carried out at both low and high Eeynolds numbers using an 
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X-wire hotwire anemometer. Measured drag coefficient and Strouhal number showed 
good match with published literature over a wide range of Reynolds number. The time- 
averaged profiles revealed fair comparisons with those of LES and LDV measurements. 
However, at a streamwise location of x=1.5, peculiar discrepancies have been noticed due 
to its differences in the geometrical factors between theory and experiments. Unexpect- 
edly, the inlet turbulence in the approach flow was seen to play an important role in the 
waice velocity profiles. 


6.2 Scope for Future Work 


Admittedly the present work is incomplete in certain respects. Future research on this 
topic should include the following: (1) Finer grids particularly near the obstacle, (2) 
Closer comparison between the theory and experiments by reproducing all the experi- 
mental conditions, (3) A comparison between free-slip and periodicity conditions in the 
spanwise direction and (4) Sensitivity of the results to the location of the outflow and side 
boundaries. An extension of the present research using DNS and LES for high Reynolds 
number flow is also proposed. From an engineering viewpoint, it would be of interest 
to study changes in the wake structure (a) when the incoming flow is stratified, (b) the 
cylinder is heated and (c) when the cylinder is flexible enough to be set into motion. 

The wake of a square cylinder is rich in detail and throws up a variety of theoretical 
issues that need to be examined. Several topics belonging to this category where en- 
countered in the present work. Examples are (1) the relationship between the transitions 
observed in the time domain versus those in the spatial domain, (2) a proper character- 
ization of chaos as Lagrangian or Eulerian and (3) the resolution of the velocity scales 
in a model-free calculation on a fixed grid and the possibility of correctly predicting the 
cascade mechanism and back-scatter at high Reynolds number. While performing the ex- 
periments, persistent questions came up in the context of instantaneous reversed velocity 
in the base region and the role of very large turbulence fluctuations on data analysis. The 
limitation of a hotwire probe as a tool exclusively for point measurements suggests that 
non-invasive optical methods be utilized to capture the wake structure. 

Wake analysis is a topic of great importance in naval applications, detection of 
unidentified objects from their wake signatures, for example. A related topic is the sup- 
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pression of the wake signature to avoid detection. A new phenomenon to be included in 
this analysis is the compressibihty of the fluid. CompressibiUty can occur during wake sig- 
nature analysis using acoustic sources and wave propagation in wjies from body-mounted 
actuators. The square and circular cylinders are excellent bluff body models to under- 
stand and develop these ideas. It is proposed that the analysis reported in the present 
work be extended in this direction. 
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